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SUMMARY

'This second Annual Report for the University Research Initiative program at Camegie
Mellon University, including subcontracted research efforts at Clemson University and at the
University of California (UC), Berkeley, contains technical summaries for each of six task areas.
These are listed below by Task title and Task Lsvestigator(s). The individual sections in the body
of the repc:t follow in this same order, and are rouped into three major parts, Processing (Tasks 1
and 2), Churacterization (Task 3), and Propernes and Performance (Tasks 4, 5 and 6). Task 2 is
being conducted at Clemson and Task 4 at UC Berkeley.

Jask 1, Experimental Study of Processing of Composites. H. Henein, H.R. Piehler
Task 2, Modeling of Consolidation and Deformation Processing of Composites. H.J. Rack
Jask 3, Structure and Composition of Interfaces in Composites. J.M. Howe

Task 4, Toughness and FDatigue of Metal Matrix Composites. R.O. Ritchie

Task S, Micromechanisms of High Temperature Composite Behavior. A.W. Thompson
Task 6, Thermal and Mechanical History Eftects on Composite Properties. W.M. Garrison

The Processing part of the report comprises three reports. The first of these, by Parent and
co-authors, addresses several issues in powder blending as a processing step for metal matrix
composites. Emphasis is being placed on fundamental understanding of the mechanisms of
biending, with account being taken of powder characteristics and operating and design variables,
toward a goal of using physical models t identify scale-up criteria in blending. Results have been
concentrated on spherical particle experiments, with successful definition and measurernent of a
segregation behavior diagram for binary mixtures. The second m completing the summary for
Task 1, is by Pichler and co-authors, on the subject of idation processing, as a natural
complement to the first part of Task 1. The primary accomplishment has been achieving
operational status for the hot triaxial compaction apparatus, which can apply shear in addition to
hydrostatic stresses. Meqm.znmthnlmpmnvcapabmdamm described as unique
in the United States. Among the early goals is to test Ashby's hot isostatic pressing disgrams, and
to extend them to the conditions of superimposed shear. Completing the Processing part is the
Task 2 report, from HJ. Rark, addressing several topics related to consolidation and performance
of metal matrix composites. A sub-task on interfacial modification for reinforcement phases in
metal matrix composites has yielded several important results, perticularly for carbon fibers. Two
other sub-tasks have addressed composite performance, one in titanium aluminides and the other in
a model system, Inconel 718 reinforced with TiC particulases.

The Chamcterization part of the report, from J.M. Howe, has focused oa two objectives.
The first was to complete a study of residual strains in a model composite system, a SiC-whisker
reinforced aluminum alloy. This work hus been finished, and the resuits are being submitted for
blication. The second objective was 0 conatinue work on the structure and the deformation
i of slpha- 2/ e ierfaoes v beer B Sad Iweresciag resuks have bocn otined
response gamune aces been studi i
for both ordered and disordered hep/bee interfaces.

The Properties and Performance part of the report coatains reports from three tasks. The

first, from R.O. Ritchie, addresses micromechanisms of critical and sub-critical crack advance in
ites. Work to date has been carried ow in model ¢ systems with particulate
inforcement. At low fatigue crack growth rates, it was found that crack hindrance or trapping
aad rcughness-induced crack closure occurred, resulting in lower growth rates than in
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unreinforced materials. At intermediate growth rates, the composite also showed improved crack
grown resistance, now due to crack tip bridging, a behavior which was successfully modeled.
The second report in this part is by A.W. Thompson and J.C. Williams, and has the topic of creep
and deformation of aluminide materials. A fairly complete report on creep in the TijAl-based alloy,
Ti-25 Al-10 Nb-3 V-1 Mo, is included. It was found that microstructure of this alloy strongly
influenced creep behavior, and that mechanistic evidence indicated dislocation-controlled creep,
with an activation energy consistent with literature values. This Ti-25-10-3-1 alloy was more creep
resistant than near-alpha dtanium alloys recently developed for creep performance. The third report
in this part , by Garrison and Symons, discusses vork on thermal and mechanical history effects.
The work in this period has been on two titanium ¢luminide alloys, Ti-24 Al-11Nb and Ti-24- Al-
17 Nb. Mechanical properties and therma’ stability of the microstructures obtainable in these alloys
have been studied to provide guidance for additional work, concentrating on the three
microstructural variables.which appear to be central to the fracture mechanisms in the alloys,
namely alpha-2 plate size, volume fraction of second phase, and amount of ¢+a slip.
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STATEMENT OF WORK

The program in progress is an integrated study of composite materials having metal,
ceramic of ntermstilic matrices with particulate or fiber reinforcements, produced under
controlled and understandable conditions, characterized in detail, emphasizing interface
structura and composiiion, and with measurement and modeling of a broad ranga of

maechanicai properties, at ambient and elevated temperature.

2

work
Nsted

Ta-« 1. Develop axperimental capability with triaxial forging: conduct powder
blending experim:nts and apply to compacticn/forging experiments; detsrmine
experimental fitar rotation and breakage for comparison to Task 2 results;
csptura experimental understanding in frame-based expert system

Task 2. Concuct exisnsion of existing finite element ccde to accommcdate
compaction of powder. include porous flow effects, friction effects, and
fioer rotation and breakage; verify experimentally.

Task 3 Characterize structurs, composition, and bonding of interfaces
between metal, ceramic, or intarmetaliic matrix snd reinforcements, at ambient
and elevatad t:mperature, as functions of processing history from Tasks 1
and 2; determina residual stresses and dsformation micromechanisms in
composites.

Task 4 Identify extrinsic toughening mechanisms in fatigue and fracture of
composite materials, at ambient and elevated temperature; develop
micromechanical models for intrinsic .nd extrinsic contributions to cracking
resistance, in cooperation with Tasks 5 and 6

Jask 5. Conduct creep, fatigue, stress rupture and creep-fatigue evalustions
on metal and mmubc matrix composites, under conditions of varying
stress, strain amplitude and temperature; identify micromechanisms of faikre;
integrate resuits into behavior modeis with Tasks 4 and @

Task_6. Examire effects of thermal and mechanical history on mechanical
p«formance of metal and intermetailic matrix composites, dwough testing at
varying temperatwre and  service stress conditions: characterize
mucromechanisms of deformation and fracture as a function of exposure
tistory; deveiop model descriptions of performance with Tasks 4 and S

in addition to these task-specific efforts, there will be several other objectives of
which invoive integration among tasks Some are shown shove explicitly; others are

be'ow.

Oetermine interrelationships among CoOmMPOSIte pProcessing parameters,
composite mecrostructre bGnclucing interfacial characteristicsl, snd mechanical
behavior, st ambient and elevated temperature (sl tasksl

denufy and model fundamental micromechanisms of mechanical behavior, at
ambient and elevated temperature, in composite materisls (Tasks 4-6)
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PROCESSING

The processing portion of the URI program on High-temperature Mctal Matrix Composites
is being accomplished in the form of two tasks. The first task is conducted at Carnegie Mellon
University and has two parts, each with its own Investigator. The first part is under H. Henein
and addresses powder biending, particularly as it affects consolidation issues. The second part is
directed by H.R. Pichler and is concerned with deformation processing of composites, both for
fiber and particulate reinfcrcements. The second task in the processing portion of the program is
being carried out at Clemson University under the direction of H.J. Rack. Under a general task
title of "Modeling of Cousolidation and Deformation Processing of Composites”, this task is
addressing several interrelated topics, as described on p. 91. These include modification of the
interface cf comrosite reinfercements for improved performance; a study of a series of Ti-Al-Nb-V
and Ti-Al-V aluminide alloys for high-temperature properties; and the first part of a study of creep
in a model composite, Inconel 718 reinforced with particulate TiC.

Page
Task 1: "Blending of P/M Metal Matrix Composites”, J.O.G. Parent,
J. Iyengar, M. Kuhni and H. Henein 9

"Deformation Processing of Composites”, H.R. Pichler, D.M. Watkins,
M. Kuhni and J. Richter 57

Task 2: "High Temperature Structural Materials™, HJ. Rack -9
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Introductlon

The need 1o achieve reprocucible resuits in the formation of composite materials has prompted
considarabia ntarest In the matunals ressarch wmmunity. Several methods are avadable to produce
such materiais. iquid metal iniitraion, powder metallurgy (P/M) processing, formation of composhes from
the mek and spray deposilion techniques are it a few. Those techniques which use the quid metal as
a starting point seem o provide an inexpensive means of processing metal malitx composhes (MMC's).
In many ceses. however, concems about possible contamingiion of the matrix material while In the Bquid
form, as well as prohibllively high melling points make lquid mutal techniques inappropriale. In such
cases, the powder metallurgy route provide:s a better controfied means of forming the product An
overview of the P/M procsesing route is shown in Figure 1-1,

This approach doss have fis own inherent problems. The requirement of a unifionm distrbution of
the reinforcoment material is not always readlly achioved. In PAM, the procechse generally entalls a
mixing stage (10 achieve a preliminasy biend of the matitx and reinforcoment material), followed by a
consclidation process involving prolonged exposure at high temperatures and possily high pressures.
Whils some redistribution of the consiiuent powders may oocur during the consolidation step, & is In the
mbdng stage that the character of he composite will be determined, and R is this step which ls the most
oical! As n the case of metal-mattx composiie systems, mbdires that have two or more conguents
possessing significantly dillerent physical properies very ofien do not mix well, resulling In the formation
of regions which have a higher proportion of one or he olher consliluent powder. In order 1o properly
280008 the eflecivenses of & mbdng cperalion, R 3 necsssary 1o idenllly those operaling parameiern
which yleld the undesirable resulis, and detanmine he preper combinaion of these paramsters which will
gve the best mbdre. Alhough much work has been done In large-ecale systerms o address this
problam, Bile has been done 1o deternine § he cbeerved relaionships wil apply %0 powder systems, and
especiafly to those systems of interest in melal-mad applicalions.

The main focus of this research, then, I8 10 sxaming the mbdng operalion of powders 10 b9 Led In
motal-matin composiie spplications, with epeciel emphasie on Sankum shawinide materials aimed at Nigh
fomperatwe applications. I pariicuter the euss o e adiressed are:




Alloy or Intermetallic Atomization

Powder Classification

Graded Matrix Powder Reinforcement

\BLENDING/

MMC Powder
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Canning
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CONSOLIDATION

Secondary Processing

Mgure 1-1: Powder metaliurgy procsesing routs (adapied from Wills').
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1. The development of a fundamental understanding of the mechanisms associated with the
blending of MMC powdar.

2. A study of the extent that powder characteristics, operating and design variables affect the
formation of a disperse-homogeneous MMGC powder mixture.

3. identification of the scale-up critera jor MMC powder biending, using physical modeliing

4. Determination of the reiationship between the quallty of a blendod powder mixture and
subsequent consciidation via HIPing.
in the next year, R Is expucted that a comprehensive study of the first three will be completed. An
] additional Issue to be addressod is that of the importance of ensuring a uniform mixture at the
microscopic leval. it is not expected, however, that in the time remaining this witt be adressed in a

comprehensive mannes.

® The report is divided into two main sections, one detalling a thorough analysis of the lerature In
the area of mixing and segregation as R appiies to MMC systems, and a report on the expesimental
program adopted, which includes detalls of the results achieved to date.




Chapter 2

Previous Work

There are a vaiilety of mixer sysiems avaiable for blending MMC powder. These range from
V-blenders and ribbon bienders, where the mixing action i3 complicated and therefore not easily
characteiized, to the more simple geometry of the horizontal (and someimes incliined) rotary dlenders.
Since in the last case the bed action is relaively uncomplicated and can be contolfied, horizontal
cylinders are most ofien used in basic research 1o detsrmine fundamental mixing and segregation
mechanisme. This is dus to the fact that the conkbution from the varbus Rindamental mixing
mechanisms (0 be described later) can be controfied in this apparalus. As a result, the current
investigation will deal with this system exclusively. In order to determine the best starting point for the
current study, previous work must be reviewed and analyzed. While there are hundreds of papars in the
Rerature dealing with the mixing and segregation of particulates and powders, only a small fraction
presont resuls rolavant to mixing MMC powders. Thus, this chapter will focus on an analysis of the
pertinent Merature 10 MMC powder processing by blending. A reasonable stariing point is a discussion of
the types of bed motion that can be encountered when using hortzontal rotary blenders. Next, the
erature dealing with pure mixing will be examined, ‘ollowed by that concemed with segregation. Finally,
& review of the eflect of changes in the gas atmosphere will be presented.

2.1 Bed 3ehavior

The shape of the bed, the type of bed molion cocwring in a horizontal rotary cyiinder and the
attendant perticuinie flow paiterms for cohesionisss solids have been studisd experimentally In some
detall, 2 2-4 and have been mathematically modelled.® The bed motion has been found 1o be & function of
the rotational speed of the cylinder being used, the amount of material present within the drum, te size of
the cylinder being used, the stalic and dynamic angies of repose of the material as well a8 the paricle
size. Six specific types of bed motion have been identiied, these being siipping, slumping, roling,
cascading, cataracting and centrihuging (see Figure 2-1).

AL low rotational speeds or low Froude numbers, the bed may undergo siipping molion. This has
been discussed 1 be composed of twee difierent motions, depending on the specific value of the bed
depth or per cent fll, e rotational speed within this regime and the bed wall riclion angle.® First, the bed
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Rotation

0
0

3 Slipping Slumping
\\ v\
]
®
Rolling Cascading

®
®
o

Cataracting Centrifuging
® Migure 2-1: Modes of Transverse Bed Motion (adepted trom Heneln ot al.9).
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may move as a whole along with the cylinder as it rotates. At the point where the frictional forces along
the wall are exceeded (the maximum angie of repose), the entire bed siides down the wall and comes to
rest at an angle less than the static angle, from which point the process is repeated. Second, the bed
may move with the wall but &t a lower rotational speed, with the sclids roling slowly along tha free surface
of the bed. Finally, the bed may adopt a particular position along the cylinder wall where It Is observed tu
slide continuously. Since slipoing resuits !n Rttle relative motion tetween the particutates, this type of bed
molon Is undesirable as it results in lithe mixing. In our experimental work, steps have been taken to
ensure that there is sufficlent bed/wall friction to eliminate the possibiity of the bed slipping.

For higher bed/wall friction and low rpms, motion of the bed would be a siumping mode. This is
characterized by the bed moving up with the wall to the static ang’e of repose, at which point a wodge of
solids separates from the buk of the bed and rolis down the bed surtace, resuling in a reduccd angle of
repose. The process then repeats ftself in a reguiar manner, the slumping frequency being dependent
upon the rotational speed of the cylinder, the physical properies of the materal and the cylinder
diameter.?

Further increases In the speed results in a transition to the rolling mode. The bed in this phase of
motion is characterized by the continuous motion of the sofids cver the bed surface. At low rotational
speeds, the bed has & flat surtace and adopts a constant angie of inclination, known as the dynamic
angle of repose. At higher speeds the soilds in the upper comer of the bed ride farther up the cylinder
wall before detaching, resuiting in a kidney-shaped bed cross-section. At this point the bed i¢ sald 10 be
in a cascading mode. It Is this mode which ls generally associated with the best mbing, as the
particulates are subjected to the maximum shearing action within the bed.®

Increasing the speed past the cascading regime results In cataracing. In this mode the solids
detach themeelves completely fom the wall at the 1op of the tavel. They are then flung Swough the
fresboard of the cylinder, lnding on the surface of the bed st some point near the botiom of the bed.
Finally, at the point where the inertial forces imparted by the rotation balance the gravitational forces
experienced by the bd (the criical speed, with the Froude number , Fr = #?R/g = 1 ) centrifuging begins.
As In the case of the siipping mode, very ltle Mmbdng 0CCUTS due 10 the fact that thers s no relative
particle motion In this mode.

R has been clearly shown that the scale-up parameters for bed motion are the Froude number {le.
the ralio of inertial to gravitational forces), the percent il of the cylinds, the stalic and dynamic angles of
repose and he particle size.* For example, ¥ the same uniformiy sized materiel s placed in cylinders
having different diameters and rotated at different RPMs, the same bed molion will be observed at the
same Froude number and percent il
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For the bulk of mixing operations, the use‘ul range of motion exists between the roifing and
cascacing modes. As will be discussed later, segregation can occur In roiling and cataracting beds where
diffarancas exist in the physical properties of the matertais. Furhtenmore, it is important to note that the
extant of the ragions of the varlous bed motions changes with the composttion of the bed.” At a given
RPM, the presence of segregation can therefore change both the motion of the bed a3 well as the degree
and effectiveness of the mixing operation. In order to determine optimum mixing conditions, it Is not
suticiant to observe bed motion with particies of uniform properties or characteristics (le. size, shape and
dansity). In order to understand the effect ol the bed moticn on the segregative behavior of a mixture, the
range of radotion In the sysiom must be analyzed for the bad mixtures which wil be used in cogregation
studias. rowever, it would be expected that the scale-up parameters of bed motion of uniform materials
preparies will also play a role in the bod motion of soiids with a range of properties (ie. size, shape and
dansity).

R should be mentioned here that In all cases (except perhaps the centrifuging mode) the flow
patterrs in the bed may be divided into three separate regicns.2 8. 9. 10 Thig is shown pictortally in Figure
2-2. In 13 passive region, very little particls motion is obssrved, and material is transported through this
region without changing ts position in the bed. The active region of the bed (the "active layer” or "shear
iayor®) comprises a small portion of ihe ped, usually only a few parice dimensions in thiciness. itis in
this: region that the bulk of the mixing and segregation action occurs, especially at lower rpm's. As will be
seen (aler, the interaction between pariicies in this layer, voids and even the mixer account for the
redistribution of material observed. In some cases (for beds with greater than 50% MI'%), a “dead-* or
“zero-velocity® zone can occur in the bed. Pustcies which find thelr way into this area remain Frapped
here and are removed from further interaction with the remainder of 1.6 bed. This zone ls of special
importance in sysiems showing segregative behavior, but can also occur in Weal® systems for certain

combinations of he operating parameters. Thus, all experiments In our study were conducted with less
than 50% fil

2.2 Mixing

Earty work focussed on a determination of the fundamental mechaniems responeible for the mixing
action observed In all types of mxers. Lacey was perhaps he first 1o direcly state he mechanisme
invoived in mixing.’ These are:

1. Diffueive - This invoives ths redisiribution of particles due 10 thely random molion.
2. Convection - Groups 4 paricies from one location in the solids mass 10 another.

3. Shear - This mechaniem ocours when shewr planes e formed or occur within the
periculate bodies.

——— ey




20

Figure 2-2: Regions of Mixing in the Bed of a Rotary System

In paricular, Lacey asserted that in the case of mixing of mono-sized particies in & drum mixer,
diffusion was the dominamt mechanism in mixing. Diffusive mixing was accomplished by the random
scattering of particies over the surface of the bed, and thus the mixing planes were restricted to the
surface layers of the bed. R should be noted that this diffusive mixing mechaniasm was applied 1o the axdal
mixing of similer particies. The presence of diffusion as & mixing mechanism has been supported by
addiSonal workers,® 1. 12. 19 byt they revesied hhe contribution of addionsl mechanisms that are worth
examining In more detall.

Doneid and Roseman'2 studied both the axial and radial mixing characteristis of drum mixers.
They found hat for mixing in the radial direction, mixing occured s & result of changes In the peth of
circulation of $he particle of the bed. This can be undersiood in terms of $he regions idenifisd In Figure
2-2 They postulated that the particies raveliing through hhe active layers In the bed will fall into voids of
he next layer down. When the partice s carried It the passive layer, & should not change Rs posiion
relative 10 the mass, and any change In the radiel direction should then ocour only If the particle Wavels a
diflerent path in e active layers and s gets rapped at a different poslion In the passive layer than R
occupied originally. The opening of voids and subsequent Yapping of 1he particies In e paseive layers
was expiained 10 be & result of dierences in the veloclly between the two bed regions. R was found thet
midng was optimized for intermediate veluss of the operaiing speed, and thet the mbing ime was
decreased for Increased percent S, showing no veriation with the paricle size (for beds composed of
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mono-sized particdes). For axial mixing, they separate the bod into fwo regions. Away from the end walls
of the cylindar, mixing was found to proceed slowly and thus thought to be a result of diffusive processes
only. Near the snd walls, however, axial mixing was accelerated due to the presence of steep velocity
gradients.

Later work by Rutgers* 14 also considered both axial and racial mixing. The best ractal mixing was
found to occur for bed speeds ranging between the 1olfing and calaracting modes for beds composed of a
single particle size. Fcr kongltudinal mixing, he agaln supporied the concept that it is the resuit of random
deflections at the surface, with the rate of axial mixing increasing with decreases in the particts size.

Later Cahn and co-workers,® again using systems in which the beds were composed of particles
with similar physical properties, confirmed the presence ¢! the ditiusive mechanism as the mixing
mechanism predorinating for axial mixing. Again the action was limiied to the active layers in the tod
(and more specifically the surface of the bed), the diffusion resulling from an axial component to the
motion of the particles across the surface coupled with Yrapping of the particles in voids in the undertying
active layers. Subseqguent work'! led to the inclusion of particie-mixer collisions as a contribution o the
ditfusive mechanism, and sficri3 o develop a probebilistic model of the particie motion led to recsonable
estimates of the 'diffusion’ cos'iicient. Difftusion was found to “opend on both the load in the cylinder and
the speed of operation.

Work by Hogg et al.'® and Hogg and Fuerstenau'® continued 10 examine the role of difusion in
mixing in rotary cylinders. Hogg ot al.'3 refined the diffusion model for axial mixing 10 include the effect of
the presence of the cylinder ends for long mbdng times. The modification comes In as a different solution
to the ditfusion equation for long and short times, for short imes the mixng goes as N2 (where N s the
number of revolutions), whersas as al long times the mixing proceeds as exp(N). As In the case of the
works of Cahn and Lacey, the mixing proceeds as the movement of a plane diffusional frort along the
axiel direcion. Radial mixing was considered in the lafer work.'® In this Hogg and Fuersienau proposed
that the shear mechaniem of Lacey is actually a combinaion of the convective and difusive mechanism.
in this case, the mixing of material in the radial direction coaurs as a result of the interchange of pesticles
betwesn different circulation pathe in the bed. and as this exchange Is random, R must then be *dfusive”.
The convective component 10 the mixing process comes In a8 & Mmeans of reducing the distlance over
which the diffusion occurs. This resulls in & stiated Aruchure 10 the bed across the crose-section, with the
thickness of the siriations decreasing with increasing number of rotaions. The convecive component
was thought 1o arise from differences In the residence me of particies at dilerent radial posiions In the
bed. The imitation 1o this work, however, is that R appliss only 10 the imiled “ideal” systems which have
been studied. An significant point ralsed by Hogg In this work, however, is the importance of the
considering both macro- and micromixing, L.e., the diference between the combining of separaie
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components into an apparenty wed-mixed bed (macromidng) and the short range mixing required
between reglons rich in cng component to regions rich in another. As will ba seen In the next section, this
has irnportant consequances in P/M MMC applications where the microscopic disiribution catormines the
propertias of tha final consciidated product.

More recent developments have begun to cast some doubt on the validity of the diffusion
mechanism as a means of explaining the observed mixing phenomena. Bridgwater'S contends that the
diffusive process may actually be a purely convective process which, due to tha prcbabifistic nalure of the
mixing process, appears to be ditiusive. Also, Bridgwater indicated that some redistritution of the
particies may occur at a particie to particie (or ‘micro-') level In the passive region of the bed, and that this
redis'ribution Is likoly not a resuit of any diffusive process. Later work by Scott and Bridgwater'®
proposed a ditferent mechianism for mixing to occur 1o account for this micro-distribution. They envisage
the bed as a series of “convective blocks® surmounded by fallure zones. These convective blocks account
for macroscopic movement of the particulate materials, whereas mixing at the microscopic level would
occur as & * 'sukt of interparticle percolation. They predict that this mechanism would become Important
for partic es greater than 30 um, and be commorplace for mixtures with particle sizes greater than
100 pm. 4 work indicated that the appiication of strain to the shear zones, resulting in expansion of
the bulk sufficient to allow particies to pass through voids between other particies, allowed percolation to
procesed, and that the rate of mixing due to #as mechanism depended on the amount of strain imposed on
the material and the relative volumes of the cunstituent perticles (the density having been found 1 be
unimportant).

it is importat to realize the previously mentioned works represent only a small portion of the
available lerature on mixing, much work having been done 10 evaluaie the efficlency of Industrial
systems and altemative mixers. R is also notable thet In all of the cases, e bulk of the work was
performad on systems in which the parfcies showed r.o sigrificant differences in physical propertiee (size,
shape, densily, eic.) and thus are imited In their usefuiness t0 the understanding of real systems where
such ideality 'n the pariicle properties rarely exists. The discussions above have focussed on some of the
more important studies looking at the fundamentais of he mbdng process, especially that applied %o
rotaing cylinder mixers. These studies clearly culine the mechanisme by which paricies flow In mixers.
in systems with tendencies for segregation, the mixing mechanisme descrided above will sl be present.
The extent 10 which they will contribute 10 he final state of the mbiure will depend on the segregative
tendencies of the mixture. R is thus important 10 study the Mersture dealing specifically with non-ideal
systems. This is done in the following secion.
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2.3 Ssgregation

Detalled invesigations Into the mixing properties of beds contalning particles of non-uniform
physical propertias criginated In the sixties with the work of Donald and Rosemen'2 17 and Campbell and
Baver?. Donald and Roseman reported the formation ot segregated regions in the bed of a rotating
cylinder for cases where significant difforences in the physical properties of the constituent particles
existed. n thelr case, they cunsiderad only differences in sfther the size or density of the materiais used.
They found that segregation could occur in both the axdal and the radial directions, and that the final
shape of the segregated regions depended on the static angle of rapose of the matarials being used. For
the case whare the segregating matedal (the smaller or denser material) has the lower angle of repcse,
and considering a situation where there are negligible end effects, a segregation core forms along the
length of the cylinder at some point below the active layer of the bed (See Figure 2-3 (a).). When end
eifocts become imperiant, such a3 in the case of increased speed and/or rough wally, the core at the
ands of the cylinder become unstable and small regions of banding perpendicular to the cylinder axis may
form at the snds, as shown in Figure 2-3 (b). Finally, for the case where the segregating material has the
higher static angie of repose, tha bed will form only bands along the length of the cylinder (Figure 2-3
(c).). Their explanation for thece efiects lles with the fact that changes In the angle of repose wil aflact
the velocity which the material sees as it ravels down the surface. For low angles of repose, the meaterial
will have a fow velocity along the surface, and thus the chances that It can drop fwough the active layers
without being scaltered axially Increases, and thus the radial segregation core may be formed.

Donaid and Roseman aiso investigated the role of maledal and process varisbles on the
segregation phenomenon. They found that for densily and size ratios greater than 1.2, segregation
occurred rapidly and the final form of the mixed bed was one of the confinurations explained above.
Contrary to some of the ideas of Rose,'® Donald and Roseman aiso found that the formation of the
segregated regions did not depend on the inital position of the components. Also, they determined that
the rate at which segregation occurs decreases with Increasing percent fines (for particies differing In
size) and would be siowest for equal vohumnes of coarse and  : particies. This was due 10 a decrease In
the number of free voids avallable for the smaller pariicies 10 fall into. Finally, they observed that the
shape of the material had appearently iie eflect on the segregative behavior when compared fo size and
denaity differences. R nt cleer what actual size of materials was ueed in this study, however, R will be
seen later that shape eflects can be Important for fine materials (powders).

Campbell and Bauer® extended some of these concepts 1o examine he eftect of changes In the
pasticle shape on the segregalive behavior. They confirmed the ideas of Donald and Roseman that the
degree of segregation encountered depends on the size ratio of the particies beir] mixed. They
expressed thelr cbeervasions, though, as he volume ralio of the paricies being mixed. In considering the
eflect of changes ¥om spherical paricies 1o needie-ike particies, ey used e weight of individual




. ; oAl B . ~ R O o " ol ik .
A L I R R e i N S e T O IR A Rl = w2 (o .be Y T T %L |y RCRY
oft TR AT B> s W *,*‘}‘I.‘t,\-‘:_‘\;i“‘."i_,"m: REUNE BRI S R i e e ~ 7 3 v

i,

(a).

0

NN

®).

11

().

NN

Figure 2-3: Segregated region formation (adapted from Donald and Roseman'?),
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paricies to determine an equivalent spherical volume for the aciculasr materials. They then found that for
mixtures of adicular and sprerical particies, segregalion was minkmized for those cases where the
equivalent sgherical volume was equal to the volume of the spherical particies. Thus the volume of the
particies was found to be the Jeterining factor in segregation, rather than the shape. Also, Campbell
and Baver determined that the donsily ciffersnces were minor when compared to differences In the
volums of the materals being mixed. This was, however, for a density raio of only 1.26, which is very
near the limit stated by Donald and Roseman for the density to have an effect on the segregetion.

Later werk by Ulirich'® considered that tvo segregative tendencies would dominate, that due to
size differences and that due ‘o density ditferences. Using swec! and giass balis, he determined that a
sagregae:sd cove formed along the cylindsr axis, compased of the finac (or dunser) material. The
experiments wese restricted to consider the effect of changes in the skxe ratio and opersting speed
(expressed as w?R/g) only (athough no effect of changes In the drum speed were reported). He was able
to show that to some extent the tendency to form a ssarecated core can be minimized by making the
denser particle larger than tho other. For a size ratio of denserfiner of 1.4:1, segregafion was mirimized.
He also pointed out, howsver, that at the point of minimum segregation, the mbxiese could not be
considered to be stochastically well-mixed. This implies that elimination of segrecation is lely to be very
ditficuk, and that macroscopically wel-mixed beds may stll show significant segregation at the
microscopic lgvel.

Rogers and Clements° iooked at the effect of the rotational speed In more detall, for mixtures of
Coarse gramier materials (300-600 pm). For fow rpms and short operaling imes, & segregated core wes
observed along hhe length of the miner. As the operalion ime was Increased, the fnes were seen 10
move towards e ends of the mixer, resulting In large cores at the ends of the mixer, and & fines-depleted
region in the center. ncreases N he /pM led 10 More band formation, with the number of bands
increasing for increasing rpm.  The percent fines was obeerved to affect the size of $he bands formed, but
only at higher ipm. Rogers and Clements also noted that even for systerme with similer physical
properties betwesn he particies, segregation can sl coowr, deepite he fact that the bed may appeer 10
be visually homogensous. This again implies that segregation ¢: @ microscopic scale s important.

This iast point was bome out by the work of Sauer.'- 3 Using bon and copper powders In size
ranges typical 10 powder metalhwgy applicatons (~00 - 200 pm), Sauer was able ® ook at he ellect of
particie properties on miving at doth he mucroecopic and microsoopic level Seuer deduced that
macroscopic segregalion In hese systems oocumed for both diflerences I the denslly a8 well &
dilerences In the size, primarlly due 16 the changes in the kinelic behavior of he paricies resuling from
dierences In the mase of he Indvidual pariicies. Saver also crediis pan of e segregation resuling
from size diflerences o the fact hat he smaller particies may i o voide v he charge.  Again
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segregation was seen 10 Increase with incraases i the size ratio, and size variations accounted for more
of the observed segregation than did the variations in density. Sauer also showed, however, that the
shape of the particies affected the mixing and segregation processes in these materials. Increased
swtace interforenca between ktegular particles was found to reduce the rate at which segregation
occurred, and this effect Increassed with decreases in the overall particie size due © the attendant
increase in the surfaco area. At the microscopic ievel, R was found that the size ratio had qualltaiively the
same effect as in the macroscopic case. In this case, however, the absokste size and shape of the
particlas detenrined more critically the distrbution observed. Sauer found that es the particie size
decreasad, the cistribution became worse, but that this could be minimized scmewhat by the addition of
an opprepriate mixing acditive. Also, t was shown that i even one of the compone:ts of the bed has an
iragular shape, good mbdng at tha microscopic level was not echieved. This cbviously has Important
consequences 1or MMC applications, where the reiniorcement phase is not fkely to be spherical with a
smooth surface.

To this point Rtis has been said as to the mechaniame goveming the segregation process. Most of
the above work relied on traditional Intorpretations of the chenumena goveming the moton of the
particles (L.e. the motion being govermned by convective and diffusive mechanisme). Wilams asserts,
however, that In sogregative processes, diilerent mechaniems govem the motion of the paticies®. He
states more formally that segregation can result from four factors, these being:

* @ifferences In particie size
« differsnces in particie density
« differences in particie shape
« variations In particle resilience
In (hese cases the motion of the particies will be govemed by the following mechaniers:

1. Trajectory or flow segregation - In which segregation ocowrs due 1 dilerences In the
distance aver which the particiss Favel on the surtace of the bed.

2 Percolstion - as descrided in the seclion on mixing, this involves the molion of pesticles
through voids In he bed. This mechaniem has been alluded 10 In he previous work on

segregation, hough never formally addressed as a mechanism for the segregation.

3. Vibration - in which motion of particies Sough the bed occurs due 10 variations In the bed
voidage resuling from extemnally imposed vibrasions. This mechaniem s of ItSe importance
In rotary cyinders.
The role of 1he fint two mechaniams has been addressed In very few studies. The most notable invoive
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the work of Henein et al.” and Niyanand et al.%® In examining the segregation behavior of a model rotary
Kin system, Henein ot al. found hal segregaion occumed both axially and radially, and in particular, for
ted motions in the siumping and rolling regimes. The segregated core was found 10 have the same
general shape ae the bad, and lay at soma point below the active layer, though usually in the top hait of
the bed. Based upon thelr cbservations of the formation of the core, they postulated that it could not have
formed as a resuit of any convacive or diffusive proceas, and propesed that the percolation mechanism
»as primarfly responsibie for ho segregation process. They &also allowed for some contribution of the
rajecksy mecharism, though considered it 0 be of minor importance.

in the wavk of Nityanand et al.® the goal was to determine the rate at which segregation proceeded,
ad (o See i peicolalicn was widood responsiie for (he formaiion of the segregated cvre. Using model
materials, the cbservations of Henein at al. as to the shape and location of the bed were confimed for a
more general case. Segregaton was again found to occur for siumbing and rolling ber!s, and for rofing
beds the segregated core was located Just below the active layer. Direct measurcment of the formation of
the core indicated that the iinzcs of formation followed zero orGer kinelics, with the kinetics a linser
function of the rotational speed, and indépandent of the percent fil and bed depth. This is not cons.stent
with either a diffusive or convective mechaniam, and direct observation of the bed confrmed theat the fines
reported 10 the core by means of parco'ation. The presence of flow segregation could not be diacounted,
however, since the number of coarse particies present In the core was less than was expected. Since
percolaion cannot account for the removal of coarse paricies from he oore, flow segregation must sl
be operative. The rate of segregalion increased with increasing size rafio, end aleo increased with
increases in he size of the cylinder. This led 10 the development of he size ratio and the dimensioniess
speed a’FVg as scale-up criteria for segregation phenomena. This should allow comparison of results of
macromixing investigations of powder systems 10 1hese larger systems 1o determine whether percolation
dominaies for the smaller systems, and aiso 1o determine the relative Importance of addifonal effecs
such as the shape differences and increased surface area,

2.4 Effect of Gas Atmosphere on the Flow Properties of Powder Bede

Recent work has indicated that a complete anaiysis of powder operations requires an
understanding of the iteraction between the gas stmosphere In he apparahs of IMterest and the
powders. This interaction depends not only on he properiies and stale of !he gas (Le., gas viscosky B
and pressure), but also on he propertiss of the powders invoived (powder denslly and perticle size) and
the Wpical operaiing speed of the apparatus Reell. In eseence, e eflect of the gas stmosphere b 0
change the siate of fuidization of the powder bed, thus altering the flow characteristics and properies of
he powder bed.

I determining he extent 10 which the gas has an efiect of the flow preperties of the bed, Fisterna™




considered the hydrodynamic interactions between the gas and the powder mass. He reasoned that in
cases where the typical veloclty of the powder-handiing apparatus exceede:! the rate at which the
entrapped gas could escape the bed, the powder would remain fluidized and in an expanded state. The
removal of the gas from the hed can be folowed as the movement of a "continulty shock wave®, above
which the porosity if the bed is that of the expanded state, and below which the porosity is that of the
settlod bed, ¢,. The velocity of the shock wave is given by the expression

V, -.P_‘if -L
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In this expression, p, = the powder denslty, d, = the powder particie size, g = gravitational accoieration, i
= the gas viscoslty and ¢ = the porosity In the fluidized portion of the bed. For a typical powder handiing
speed V,, the bed can be expected to remain fiuidized for conditions where V> V. Ristema hhen uses
this condhion to arrive at an expression for predicing the iInfluence of a gas atmosphers, the so-called
Gas interaction Number, N,. The expression for this number i
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N, << 100

The physical significance of N, is as follows: for valuss of the gas interacion number lsss than 100, the
gas atmosphere will remain trapped In the powder mass. This effect increases for decreasing valuss of
the gas interacion number, 1.e., the lower the value of N, the greater he influence of the gas. From the
form of the equation, R can be seen that low values of N, can be achieved for large values of both the gas
viscosity and the powder-handiing apperatus speed. The effect of he speed of the apparatus can be
readily understood, as it arises from the derivation of the expression. [ the speed of the apperatus s low,
the V, will be less than V5 and the gas will be able 10 lsave the powder mass. The porosity of the
powder bed will remain close 10 ¢ and there will appew 10 be nO gas effect. As V, increases and
becomes larger han V-, the gas will remain trapped in he bed. The pressure exerted by this entrapped
ges will then cause the powder bed 10 expand, and the bed will s fliow more readlly.

The influence of the viscoslly of the gas can be explained In the bllowing manner. For increases in
the gas viscoslty, he momentum exchange between he gas molecules is large. This results in increesed
force on the powder pariicies, and thus the obeesrved increase In the Interaction between e ges
stmosphere and the powder mass. As the viscoslly Gecreases the mesn ree palh, A, increases and the
number of gas maolecule colisions decreases. This results in a lower rate of momentum transfer, and
hus a decreased interaction between the gas and e powder. For low values of p and V,, then, the bed
will be collapeed and relafively stalic, as compared 10 I free Sowing behavior for large vaiues of these
wo variables. The eflect of changes in both the viscoslly and the speed can be seen graphically in
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Figure 2-4. The values of -ne variables used are shown in Table 2-1, and ~omrespond to quantities which
might be encountered in nu tal-matrix composite applications. R can be seen that the value of N\ remains
well below 100 even for relatively high speeds and low viscosities. The effect of variations in the particle
3ize can be seen In Figuwe 2-5. The increasing viscosity here cormesponds to the same range as the
previous figure (see Table 2-2 for the values used). It can be seen clearly in this case that changes in the
rotational spoed have a significant effect on the gas interaction behavior. it is apparent that at low rpms,
the bud will be tiuicizad for small pasticias only. As the rotational speed is increesad, tha fluidizing eitect
of the atmosphers is extencad to Inciude the lasger fartides. For a rotational speed of 100 rpm (witich is
a raasonabie numbor for the cascacing regime in thase bienders) it can de seen thal, 1ot a systam with all
particies less than 1C0 microns (a typical stuation fur the experiments to be conducted In this work) the
entire ted wiil bo ikndized. Thus i3 is expecied that the kinstics cf mixing in this regime wil be enhanced
for ait the particies in the system. Al the lower speeds, whera segregation Is usualy a problom (the
powders which will be studied are expecisd 10 be stongly segregaling), R appears that the smaller
reiniorcoment particles could be fluidized, but that the larger matrix partiddes would not.  This could have
some as-yel unknown and interesing effects on tha nature and exient of segregation observed. Thus Rk
wii be necessary o takeo into account the eftect ¢! the atmosphere in any of the exporiments conducted,
and a delermination of the best atmosphere to minimize segregation wil be an Important aim of this
research.

R is reasonabie to assume that the pressure of the gas will aiso have some effect on the bdehavior
of the powder bed. R is not apparent from the previous expressions, however, how the changes in the
pressure should affect the bed behavior. If one were 1o assume that the viscoslly In Ristema’s expression
Is the absoite viscoslity, then i value would change very Ilitle with pressure, and the gas inferacion
number could not be used 10 predict he INfiluence of the atmosphere for changes In the pressure. N a
later paper, however, Cottasr anJ Ristema® did consider the effect of a change In the pressure. They
icoked &t two cases: firs, the case where A I8 much smalier han some arfical dmension R (for powder
masses, this would corespond 10 the size of the interpasticie voids); and secondiy, the case where A > R.
They develop their arguments based on considerations of the force F exerted by a lowing gas at speed U
on a ube of length L and radius R.

The first case coresponds 10 the case of viscous flow in the ube. In this case he result can be
readily cbiained from fuld mechanics with the result that

£

Heve i, corresponds 10 the viscoslly of e gas at high presawre. As mentioned, this s for he case of
AecR, and hus an expression for the gas viecosity can be ebiained from the linelic gas law, based on
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the assumption that the viscous forces will arise predominantly from momentum exchange between the
gas molecules and not from interactions between the gas and the tube walls. In this case the expression
for the viscosity Is

B = %plv,

where p Is the gas density and v, is the thermal veloclty of the gas molecules (Le., the actual veiocity of
the gas molecules for the temperature at which the gas is heid). The quantity pA is indopendent of
pressure and thus the viscosity at high pressures remains at a rele’ively constant Value.

For the case of gasas at low pressure (and thus large A), Cottaar and Rietema consider the
situation as one repressenting free molecular flow. The momentum exchange of one molecule Is thus
considered. For molecules of mass M, and assuming that the wall and molecules are in thermal
equiibrium 8o that the momenium exchange dus 0 thermal veloclly is on average zero, he nat
momentum exchange for the molecule will be MU, where U is again the gas flow veloclty. Since the gas
molecule will on average travel cver a maximum distance of R between coltisions, the total number of
effective collisions becomes L/R and the total force per unit length becomes

E-wUZR

From this a new expression for &1 apperent viecosity 1, was obtained, given s

hy = 3RV

Thus the effect of gas pressure can be seen as a modification of the value of the viecosity. This effect le
two-foid. First, the distance that a molecule travels changes from the value of A for the perficuler
condifons experienced by the gas, 1 the size of the opening through which the gas s forced 10 pass.
Secondly, he velocy at which the gas moves decreases from the value of the thermal velocly 1 the
value of U, which is typically several orders of magnitude smalior than the thermal velocly®®. Thus, as
the pressure of the gas Is decreased, he apparent viecosity of the gas is reduced. In tsrms of its effect
on the gas interaction number, hhen, as the pressure of he gas decreases, the value of N, will increese.
This indicies thet the eflect of presswre is similar 10 thal of viscosity: for beds that show fluldized
behavior, the exient of Ruildization and thus the ease of flow of the powder mass decreases with
decreasing preseure (and decressing apparent viscoslly). An addifonal point is hhat since the value of
the apparent viecoslty I & funciion of R, and R is of the order of the interparticle spacing, the perticle size
has & role In determining the value of the Interaction number direclly (due 10 Rs presence in the
axpression for N,) and indirectly, ineemuch as R changes he value of fhe apparent viscoslty.
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Experiments have been parformes %0 determine how changes In the gas atmosphere affoct the
performance of ball milling?5. 28 27.28 and mixing?® operaions. The behavior predicted by the gas
interaction numbar was found to be observed in all cases, l.e., for high values of either the gas pressure
or the gas viscosity, and thus low values of V,, the beds were observed to be very fluid, with good
intermixing of the powders in the bed. For the studies on milling operations, it was found that the rate of
breakage ¢! the product increased with increases in pressure and u.  The unitormity of the end product
increasec. \.ith less fines being produced, and the number of agglomerates formed during the miiing
operati.n decreassd. Thus for the case of milling, improvamsms in both the Quality and efiiciency of the
oprsaiion can be achioved with the use of eithor highly visccus gases or high gas pressures.

'n tha mixing studles, cystams of similar pasticles (clfering only in color) and systems showing
segregative behavior wera considered. In the first case, using varlance as a measure of the progress of
the mixing operation, it was found that an increase in the powder mobility (again, due 10 increases in
elther the prescure or the viscosity) resulted in increases in the diffusion coetident (1.e., the rets at which
random movement of the particies occurs) of the procoss, as well as decreasss in the variance In the
sampia. Since the mixtwe of simiar particias Is a random process, this Improvemant Is t59 mixing
process Is a reasonable one. In the case where the samgles showed a tendsncy 10 segregate during
mixing, R has found that the opposite conditions were beneficial, Le., low gas pressures and low
viscosities resutied in a decrease in the mobility of the powders and thus reduced the tendency towards
segregative behavior. Again the improvements were demonstrated by a decrease In the variance of the
measured sampies of the mixtures considered. In terms of the gas interaction number, then, high veluss
of N, will be beneficial In reducing the extent of segregation observed in $hose systems predisposed to s
occurrence, whersas low values of N, will beneft those operations which rely on increases in the rate of
occurrence of random particle movements (pure mbdng).

2.5 Summary

R is obvious from the xriel descripions above that & compiets assesarnent of the succuss of 8
blending operation is a ditficult task. idengification of the dominant mode of paricie movement can be
expecied 1o be obecured by overlying cbeervaions of segregation when malerials of differing physicsl
properiss are invoived. The siualion is Rrther compiicated by the role of the ciroumamblent gas In the
drum, which can markedly alter the kinematics of the bed molion, and thus the degree of mixing and
segregation which occurs. Also, he condiions which can lead 10 apparently good macrombding will not
necsosarlly lsad 10 & proper microdistiution of the comyonents, which is of great importance In creating
& suable final product for composite appiications. The benelits of the previous work on large scale
materials, however, I8 in providing a framework from which 10 begin an analysis of mbing ueing fine
powder materiale. The concept of similarity may also allow an identiication of the coniribution from
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additonal small particle forces (van der Waals, electrostetic, etc.) in the event that the dynamics and
mechanisms of mixing and segregation are found to be comparable in the case of small versus large
particies.




35

Chapter 3

Experimental Apparatus and Program

The research program was divided into two main aieas. First, investigations were performed on
model materals to axamine the relationship betwaen operating parameters and the segregation behavior
0 otating oylinders. By comparieon of these results with paraliel studies performed on powders, it is
hoped that the effect of fraditional variables such as size, density and rotational speed can be separated
from any effects pecuflar 10 powder systems (such as shape, surface roughness, etc.). In both cases,
macromixing wif be the primary focus, with the lssue of micromixing In the powder systems being
addressed # thore is enough time.

3.1 Modet Materlals

3.1.1 Experimental Setup

Tha schematic of the experimental set up s shown in Figure 3-1. An aluminum cylinder of dlameter
and jength 20 cm was mounted on two roliers, one of which was driven by a variable speed electric
motor. With this arrangement the cylinder speed could be increased o & maximum of 140 rpm. A rough
fabric was used 10 ine the inside surtace of the cylinder 1o eiiminate siippage between the particulates
usad and the cylinder wall. Oteervations of the bed behavior was made from one end of the cylinder
which had a ransparent giass piate attached 1o k. The model materials used were monosized sphedical
particles of four different sizes, and two different densities. The size ratios of the model materials were
chosen between 1.3 and 3.04 (aleo see Tabie 3-2), which was within the range of that avaliable for the
MMC materisis. The model malerials were also chosen, 3o that thelr density ralio (1.8) was within the
range of that avallable for the MMC systems. Table 3-1 summarizes the physical properties of the two
materisls used.

3.1.2 Experimental Variables and Procedure
The following operating variables were ssted using the model materials:

1. Sze rato - 4, N,
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Cylinder I.D. 20 cm

Drive Roller

Fgure 3-1: Equipment Schemalic for Mode! Experiments

Tabie 3-1: Model Material Cheracteristics

Material Stze (mm) Density (g/cm?) Shape
Acrylic 3 1.3 Spherical
[ ¥
4.0
a
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2. Percent fil - (V_ qu")'ioo
3. Percent fines - (vﬁuwm)'too
4. Density Ratio - P coarser/Pfiner

5. Cylinder Speed (RP°M)
Table 3-2 provides a list of the operating variables that weve tested. The following pordon of this section
cutiines the important parameters and the basic procedure used in the different sets of experiments that
were perionmed with the model materials. The bed behavior and macro-segregation or mixing pattemns
that wera cbservad during these experiments is discussed in detail in the next section of this report.

1. First Se¢t - Binary mixturss of acrylic spheres {with density ralio of 1.0) with 35% percent fit
and 14% fines were used In this set. With these parameters fixed, six binary mixtures
ranging in size ratio between 1.3 and 3.04 were each tested. In each case, the cylinder
speed (RPM) was increased from 0 rpm to a maximum of 140 rpm, and the bed behavior,
macro-segregation or mixing were observed.

2 Sacond Sat - These experiments were very simitar to the first set, except for the fact that
the speed was decreased from the maximum speed of 140 rpm 10 0 rpm. This set was
therefore intended to provide comperisons between increasing and decreesing cylinder
speeds, all other parameters being fixed.

3. Third Set - Experiments performed here were very similar 10 the first set, except for the
percent fil and percent fines used, which were changed 10 37% and 20% respectively. This
gave a direct comparison between cases with varying percent fines.

4. Fourth Set - Here mbdures of acrylic and alumina spheres were used (with density ratio
1.8). The percent il and percent fines were fixed al 35% and 14% respeciively as in the
first set, and fwee binary mixtures with size ratios 1.3, 2.1 and 3.04 were studied in this set.
The results of this set when compared with the first set, would therefore, provide the
differences in the segregation for mbxures varying in densiy ratios.

in each cass, the cylinder was loaded with a measured quaniity of the binasy mixture and was well
shaken 0 form & randomly mixed bed. The cyinder was then placed on the drive rollers and the speed
wes oither siowly increased from O rpm, or slowly decreased from 140 rpm depending on the set of
experiments performed. The flow of the finse were observed in each case.
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Table 3-2: Experimental Variables

Materials Size Ratio Density Ratio Percent Fill Percent Fines
Acrylic/Acrylic 3.04 1.0 35 14
24 37 20
21
1.8
1.5
1.3
Acryiic/Alumina 3.04 1.8 35 14

21
13

3.1.3 Rosults and Discussions

Figure 3-2 shows the typical behavior that was observed at progressively increasing speeds. Al
low speeds & central segregated core made up of the fines was formed, by rotating the cyfinder at a
constant speed for a few seconds. This behavior was observed for each case tested (see Figure 3-2
atk). On further Increasing the cyiinder speed, the fines began to disperse gradually to the other parts of
the bed (see Figure 3-2 b,g,l). This dispersion of the fines promoted mixing of the fines in the bed.
However, even distribution of the fines throughout the bed did not occur at any particular speed but
occured over a range of speeds. The range ol speeds over which the fines were evenly distributed
throughout the bed is defined as the transition zone from core segregation 1o mixing. The lowest speed
at which the fines dispersed from the center and began 10 mix with the other parts of the bed marked the
beginning of the transition zone. Starting at this speed, the motion of the Cylinder was amesied at various
speeds 10 observe the distribution of the fines in the bed. The end of the transition zone or the beginning
ol the mixing zone was determined by this procedure. Once this was determined, the cylinder speed was
further increased, and mixing continued (see Figure 3-2 c.hym} untl the larger perticies began to move
towards the center of the cylinder. This determined the beginning of reverse segregation. As the speed
was further increased, reverse segregation continued (see Figure 3-2 d,1,n) undl the fines began o form a
monolayer against the inner wall of the cylinder. This spesd marked the beginning o centrifuging (see
Figure 3-2 ¢.,/.0), and the cyfinder remained centrfuged with any further increase in the rotational speed.
The boundaries of the vasious zones (core segregetion, ransiion, mixing, reverse segregaion and
ceniriuging) were thus determined in each case. This procedure was repeated seven imes for each size
ratio in each set, and the speeds which determined the bounderies of the various zones were typically
within two standard deviations (20, where o varied betwsen 0.5 and 3.1 rpm) of the meen speed
caiculated In each case, indicating that the experimental emror I8 within acceptable imits. The
photographs shown in Figure 3-2 provides a good representation of the bed behavior that was cbeerved




visuady. This figure shows that the bed behavior at low, high and intermediate speeds were similar in
each case, except that the boundasy speeds varied with size ratio. These observations provided
information on the mixing pattemns when the speed of the mixer is increased, starting with a segregated
bed. The results discussed 30 far were similar for the first, third and fourth set, showing that the variation
in percant (i, percent fines and density ratio did not make any qualitative difference in the mixing pattems
for binary mixtures.

The second set of experiments were performed to study the effocts of decreasing the speed,
stasting with a centrifuged bed. In thia csso, the bed bohavior changed from centrifuging, 0 reverse
segregadion, to mixing, to transition, to core segregation. However, the overall results in this case was
similar to the other cases, and Is discussed later in this section.

From previous work discussed In Chapter 2, it can be seen that a non-dimansionalized number,
«’R/g provides a useful means of expressing the Important parameters. Therelore, the resuls for each
set of experiments are expressed In terms of piots of w?F/g versus Stze ralio. The results of the
experiments with acrylic/acryic mbdures are shown in Figures 3-3 and 3-4. The zones on either side of
the mixing region can be dlassified as the sogregated regions. The figures show that at very icw and very
high speeds the bed ls segregated, and at intermediate speeds thorough mixtng occurs. The figures
indicote that at a size retio of 1.3 (mixture of 4.0 mm and 3.125 mm dlamster spheres), not only Is the
mixing zone shifted towards the right indicating that mixing begins at higher speeds, but the mixing zone
is larger as well. Al size ratios above 1.3, there is very slight variation In the transition boundary (variation
ol about 43 10 48 rpm, between size ratios of 1.5 and 3.04). Previous work done by Rosemen and
Donald'” indicates that up 1o a dlameter raio of 1.2, the smalier particies cannct sllp Srough the voids of
the larger particies, which results in very ltile segregation. A similer efiect is seen from our data, which
shows a larger mixing region for & mbxiure of diarmeter ralio 1.3. Owr results also show, that the width of
the mixing zone decreases with increasing size rafio. R is also seen that centrifuging ocours ot &*R/g
greater than 1.0. This could be due 10 gome amount of sippage that exists betwesn the cyiinder inner
surtace and the spheres. R can also be ncied that for a given larger particle size, the speed at which
conirifuging occurs increases with the size of he smaller paricdies. The speed at which centrifuging
begine is also seen 10 depend on he size ralio of he particles (Increasing with the size relio). From
Figure 3-3 it is seen that the mixing region obtained by increasing the speed from an inllally segregated
bed is smafier than that obtained by decreasing the speed from an Inllally contriuged bed. Figure 34
shows hat there is negligible eflect on the mbdng patiems ior varying percent fines.

Figure 3-5 ls a compertaon of he rveulls for the acylicacrylic and acrylicaluming mixtures,
showing that the same rend is cbeerved In the two cases. The only difference s hat, the data for the
acrylic/aiuming mixiures are siighlly shified 10 the lsfl, Indicating that transliion from core segregetion o
miking and mixing 10 reverse segregalion ccours at lower speeds, for higher size ralios.
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Figure 3-2: Experimental results for model malerials, lor increasing speed.
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Migure 3-3: Segregation behavior for varying size ratios and drum speeds, for iIncreasing speed (solid
Wnes) and decreasing speed (dashed ines).
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Pigare 3-4:  Segregation behavior for varying percent fines and percent fill.
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The following are the implications of these results to MMC systems:

1. Comparisons of similar resuits for MMC systems can determine the effect of other forces
(Van Der Waals and electrostatic forces for exampie) on the blanding of fine powders.

2. For a fixad cylindor size and size ratio these resuits giva a range of speeds at which mixing
can ba achieved. Moreover, these rasults can be extended to other cylinder sizes, using
o?R/g (non-dimensicnalized number), which provides scale-up parameters for macromixing
of MMC systems.

3. i similar results ara obtained for MMC systems, than the conditions for studying
micromixing are easily defined.

3.1.4 Conclusions

Experiments were conducted to study the biending of binary mixtures of spherical perticles, and
macro-mixing was obsserved as a function of size rziio, densly ratio, rpm, percent f2t and percent fines.
Spherical particios varying In size between 3. imm and 9.5mm were used In the experments. The restits
have been expressed in tenms of w*R/g versus size raio, which provides a segragaiion behavior diagram
showing the mixing region which is of most inorest in our studies. The mixing region s defined as the
region where the finer particies were seen to be evenly distributed in the bed. The results were seen to
be reproducible, with experimental errors within acceptable imits. The range of rpm’s for mixing region
was observed 10 increase with decreasing size raio of the binary mbdure. ~or the experiments where the
density ratio was 1.8, the coarser particles used were more dense (p=1.3) then the finer perticies
(p=0.72). Therelors, the mixing region is not affected by the density difference at small size ratios, but
does Increase the mixing region at bigger size raics. With all other parameters remaining constant,
vartation In percent fines is seen 1o have negiigible eflect on the results.

3.2 MMC Powder Materials

3.2.1 Apperatus

The blending experiments will be conducted in rolry blenders which are capabls of being
pressurized 10 & presewre of 2 arn of a selected Oae, and May aleo be evacusied 10 & vacuurn of beller
then 1072 sam. The blenders are construcied from seamisss stesi pipe, and have & Banium nsert 10
eiminate contaminaion from the steel of he drum. Three separaie drume heve been construcied, with
nominal intermnel diameters of 3, 10 and 20 centimeters and L/O = 1. The deaign of he unk allows for the
use of elther ginss or metal end plates, hus allowing the possibility of both visual cbeervalions and
controlled sampiing. The gas exchange Is accomplished though the use of a rotaling ges seal, allowing
for atmosphere control Swoughout the duration of an expertment. Figure 3-8 shows & schemalic view of
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Pigure 3-5: Segregation behavior for varying denelty relio.
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the gas delivery system. Tha speed of the drums is controlled via bel-driven rollers connected to a
variable speed motor, and is monitored through the use of an optical tachometer. Vacuum is achieved by
using a rotary vacuum pump, and can be improved through the use of a diffusion pump.

3.2.2 Materials

The choice of materials for the blending sxperiments was based on a delermination of those
systems of greatest intorest to the sponsors, as well as those systems which will provide the easiest
means of investigating the varlables of interest. All of the materials used were commercially avallable
products, arnd have bean chosen aftsr examining sampiles of the materi:ls for size distribution, shape and
density. The list presented in Table 3-3 (see also Figura 3-7) represents the materials to be used in the
blending axperiments, as welt as a summary of the characteristics of each powder. Due to the difficulty
and expense of odtaining the alurninide material, most of the experiments with the titankum wik be
conducted with the T1-8-4, of which large quantities are currenily in our possession. Due 10 the simitarity
of the donsities, the results of the T1-6-4 blands should be appiicable to the skuminide powder, &nd hese
can then be used for the experiments which will results in blends targeted for ihe consolikdation
experimants. One notadble absence from this st is whisker reinforcoment materisls. Due to their
oxpense, we have refrained from purchasing thess materiais untl such time as a better appreciation of
the variables of intereat allows a few kay oxperiments to be designed, o investigate accurately the effect
of changes In the reinforcement shape.

3.2.3 Procedure

A procedure has been developed 10 ensure that the initial conditions remain the same for each set
of axperimental conditons. The first step is 10 ensure that the drum intemal surfaces are clean and iree
of any residue from pravious 19ss. The drum ls then assembied, taking care 10 make sure that the faces
of the end plates touch the drum flanges at all points. This is 10 ensure that there are no malerial losses
and' dishurbances due 10 gaps between the end plates and the body of the drum. With the drum standing
veriically on its front end, a premeasured amount of the malrix powder s the introduced into the drum
using & funnel theough a feed hole in the back plate of the drum. The drum s then placed hortzontally,
v} the corresponding amount of reivorcament powder s added to the drum through the use of a
o lally designed “scoop”. This resulls In the ssvangement shown In Figure 3-8, with the marix powder
ovenly distributed in the drum, and the reinforcement sowder lying on he surface of the bed, along the
axk; of the drum. All of e experiments conducied use this configuraion as & starting point.

The flled drum is hhen placed In he drive systern, and the speed adiusted ©© he desired range,
depending on the particuiar experiment being conductsd. With the glass end plate I place as the front of
he drum, visusl cheervelion may De conducted and photogrephs taken (o record the events. in most




46

Vent To
Atmosphere
QGas nlet (l‘vl2 JA)
o —(2)man
s
Rotary
w Vacuum
Pump
Vasiable Speed
Motor

Migure 3-6: Schemalic of Jes delivery system for blending experiments
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Table 3-3: Materials for Biending Experiments

Matsrial Size Density Shape
( )-supplier (as received) (glem’)
PREP TI-6Al-4V -35 mesh 4.5 Spherical
{Nuciear Metals) -80 mesh 4.51 Spherical
PREP TI-24AKF11Nb -35 mash -4 4 Spherical
(Nuclear Metals)
cpTl ~100 mesh ~4.5 Wregular
(Atdantic Equipment
Engineers)
Fe - Spheromet 100 -35 mesh =7.8 Spherical
Fe - Atomet 604 -35 mesh 7.6 reguiar
{Quebec Metal
Products)
Sliicon Carbide nominally 240 grit 3.20 iregular Sharp
{Norton Company)
Boron Carbide nominally 220 grit 251 rreguiar Sharp
{Norton Company)

cases, this usually consists of varying the speed of rotation of the drum (either increasing of decreasing)
and taking pictures at set increments of the speed 1o determine the macromixing characterisics and
corresponding motion of the bed.

In order 10 reduce the posshility of contamination of the results, fresh material will be used for il
experiments (micro- and macro- mixing). For thoee studies aimed al determining the micrombdng
characterisiics of the bed, the experiments will be siopped &t a predetermined poit, and the bed
infirated with a low-viscoslily epoxy maserial t0 “freeze” the bed in place. Once the epoxy sets, the ded
may be removed as one compiste body, and sectioned for microscopic examination. This procedure may
also be employed for the preperalion of sampies for consolidation experiments, 90 that the struchure of
the mixed bed may be preserved through 1o the formaiion of a solid material. In cases where nelther of
the previous cases s desired, then the material will simply be sealed into cans and disposed of In the
appropriate menner.
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(). P.R.E.P. T-24Al- 1 1Nb powder

Figure 3-7: Malerials for use in blending experiments
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Figure 3-7, cont.
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Atomet 604 Fe powder

{0).

Figure 3-7, cont.
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Figure 3-8: Initial placement of reinforcement and matrix charge.

3.2.4 Variables of interest and Test Matrix

As described In the review of previous work, there are many operating variables which may be
considered 1o have some effect on the mixing of materials, and especially materials which have a
tendency towards segregative behavior. H is necessary then to make some estimation of the degree of
importance of these variables In order 1o arrive at a reasonable set of experiments to perform, that will
give a complete picture of the mixing processes without taking an inordinate amount of tme. Based upon
an examination of the literature, the following variables will be used in a test matrix. This closely paraliels
the tests done on the model materials, so that a comparison of the effects of thase variadles can be easlly
made, and some deduction as (o the role of smalil-particle effects (such as electrostatic forces) can be
made. The only variable unique to this set of experiments is the gas atmosphere. In the case of the
model materials, the size of the particles is such thai unreasonable values ol the gas pressure and
rotational speed would be required in order 10 observe any eflects of changes in the gas.

o Percen it
o Percont fines
« Size ratio

* Rotating speed of the drum (RPM)
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« Gas atmosphere
* Density ratlo

* Particle Shape (matrix and reinforcement)

The experiments will be conducted so that in sach case the effect of the variable will be determined
as a function of the rpm, lL.e., the rpm will be usad as the ndependent variable Is each case. The
experimants will then be conducted in the same manner as the model mateiic] experiments, using one of
the other quantities as a variatie and keeping the rest fixed. For the size ratio, percent fines and percent
fil, three separate cases for each variable should give a sufficlently broad spectrum. The gas
atmosphere can be varied both in conposition and pressure, with three variations for each instance being
sufficlent. These experiments will be spocifically targeted for the visual observations of macromixing. &
has been demonstrated in earfier work that resuits for different abschute sizes of particles and drums can
be scaled using the 3ize ratio and the nondimensicnalized speed (w?R/g), thus allowing comparison of the
model material results for macrombdng to those obtained for MMC malerials (subject 1o the constraint of
having the same gas atmosphers). Once the situations corresponding with observably good macromixing
have been established, investigations of the micromixing occurring in these instances can be examined In
a fow well defined cases. The detalls of the latter experiments have not yet been finalized, but will ikely
be loss tme consuming than this first round of experiments.
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Introduction

This project is designed to develop a fundamental understanding of the deformation
processing of short-fiber, powder-based metal matrix composites for high temperature
applications. This knowledge will enhance the selection, fabrication, and performance of
these materials and will complement the current blending research at Carnegie Mellon
described in the previous section. The framework and methodology for this project is
based upon selecting model composite geometries and materials plus designing advanced
deformation processing equipment in order to physically and analytically model existing
and novel composite processing conditions.

‘This report is divided into the following sections:

» HIPing of 7-Filament Arrays. The model 7-filament geometry used for the
physical and analytical modeling of the HIPing process is described in this section, and
experimental and analytical results achieved to date using this model geometry are reported.

» Hot Triaxial Compaction. The rationale for the benefits achievable by compacting
monolithic powders and powder-based metal matrix composites using a shear in addition to
a hydrostatic stress is identiied. The design and construction of the unique hot triaxial
compaction apparatus built to accomplish this goal is described.

o Future Efforts. Future deformation processing efforts involving HIPing and

hot triaxial compaction are described. These deformation processing studies will involve
composites fabricated from SiC and Ti-6A1-4V, both in the seven-filament geometry and as
short fibers and powders, respectively.
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HIPing of 7-Filament Arrays

A simplified model geometry, the 7-filament array [Figures 1 and 2], has been
developed to study the micromechanisms of powder consolidation during Hot Isostatic
Pressing (HIPing). As previously used in study of the sintering process !-3, physical
models allow observation consolidation at all stages under controiled conditions. As a
result, the fundamental consolidation mechanisms are isolated from stochastic factors
(e.g., random packing). The goals for the use of this 7-filament array are to:

* identify the operative micromechanisms in powder consolidation under both
be:h applied stress state and temperature.

« analyze the influence of stress state and temperature on the resulting
<aicrostructure (grain morphology, reaction zone, dislocation structure) to
develop a fundamental framework for optimizing the processing path for real
powder compacts. )

« identify the effect of a reinforcing phase on the consolidation-
parameter/microstructure relationship.

As will be described in greater detail in the next section, this pr~iect is focussed on
the effects of shear stress in addition to a hydrostatic stress on powder compaction. The
goal is to provide fundamental information on the effect of shear stress on individual
existing consolidation mechanisms and possibly identify additional consolidation
mechanisms mechanisms as well. The appproach is to use scaling laws, simple models,
and ansmission electron microscopy to examine the dominant mechanisms under a range
of realistic processing conditions for unreinforced and reinforced matrix material (Figure
3). Work is also proceeding to refine process coantrols in order to accumulate and utilize
accurate displacement, temperature, and pressure data as a function of time.

In practice, the fibers/wires are arranged and sealed, under vacuum, in a metal tube.
Though more difficult to execute, these "canning” techniques are basically the same as
those used for HIPing of powders. Since the puipose of this physical modeling is to
observe consolidation under controlled and easily reproducible geometrical and processing
conditions, filament sizes may be larger than powder particles, subject to the following
size-selection criteria:
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« the availability of a range of sizes appropriate for scaling analysis

* the use of filament sizes sufficiently close to real powder sizes so that trends may
be extrapolated and mechanisms operative in real powder scale are not
overwhelmed by mechanisms dominant at the scale of the model.

* the modeling of metal matrix composites, where the reinforcing fiber may be
placed either in the interstitial or substitutional sites in the metal wire array,
depending on the appropriate wire size which is available and/or chosen.

The tube must be of the same material as the wires and cither provide as little
resistance to compression as possible or simulate the mechanical response of the next 12
filaments in a close-packed array. Low resistance to deformation can be achieved with
cither a small wall thickness to diaroeter ratio or by using a weaker tube material. For
example, in this study, the tube used is of commercial purity titanium (CP-Ti) and the wires
of either Ti-6Al1-4V or CP-Ti. The rationaie for this material selection are given in the next
section.

One final criterion for the selection of the overall compact size is the ability to make
thin specimens for transmission electron microscopy (TEM) from the compacts. Since the
compact geometry is new, adjustments in compacted sample size may be necessary as the
TEM technique is developed.

Extension of this geometry to 19 filament arrays is possible [Figures 4 and 5). The
19-filament packing geometry is more difficult but not impossible o control. This 19-
filament geometry is of interest in that effects of packing on the local stress distribution and
thus on consolidation may be observed. Further, interactions among filaments in the
substitutional position can be studied (Figure 5A].

The criteria for a model maserial system include:
o the absence of a pervasive, compaction inhibiting oxide or other surface film.

» the availability of wire and a non-constraining or mechanically similar container
material (as described above).
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+ the absence of phase transformations during the deformation processing cycle.
» for simplicity, a single phase system, if possibble.

* a microstructure amenable to observation by TEM.

* an easily variable grain size.

« the availability of physical propery data required for analytical modeling.

As is the case in this study, some of these considerations may strongly influenced
by the dzsire to study a particular system. In this research a compromise between material
specific and ideal model system information is made. In this series of experiments
Ti-6Al1-4V, a candidate composite matrix material is being studied. The major problem is in
the addidonal complexity of analysis resulting from this two phase system. Cp-Ti wire is
also studied for two reasons: first, to contrast the effects of particle hardness to particle
compaction [Figure 4] and second, to make a model compact with no chemical
inhomogeneities and no second phase. With the Cp-Ti wires and tubes, the analysis of the
stress distribution between tube and filaments can be mare accurately modeled.

For the initial 7-filament study ! (Appendix I), pure aluminum was chosen but has
becn subsequently abandoned as a model material owing to problems in both sealing and
consolidation resulting from the presence of a tenacious oxide film. The deleterious effect
of the oxide film on interparticle bor ing is well documented in the aluminum P/M
literature. Interestingly, however the use of this 7-filament geometry may be the best way
to observe local oxide film br-acup in these materials. In addition, the use of this film to
restrict certain diffusions! :uechanisms in order to isolate plastic flow from power law creep
during consolidation is also a possibility.

The 7-filament array has a zero consolidation deasity of 92% whereas powders
typically have a tap density of about 60%. In fact, some of the modeling efforts in the past
have specified 90% as the transition from the intermediate stage of consolidation
(cylindrical porosity) to the final stage (isolased spherical porosity). Deviations based on
the 7-filament geometry, rather than limiting analysis, enable simple models w0 be employed
without having 10 make assumptions about the transitions between different stages of
consolidation.

The mechanisms which modify pore morphology include those from sintering 4-6:

1. surface diffusion from a surface source
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2. volume diffusion fro:n a surface source

3. volume diffusion from a grain-boundary source

4. grain-boundary diffusion from a grain-boundary source
5. volume diffusion from a dislocation source.

For HIPing, the following mechanisms are operative 7.8;

6. plastic flow
7. power law creep
8. diffusional (Nabarro-Herring, Coble) creep

The first approach to modeling has been to add each mechanism's contribution
independently based upon assumed geometries at specific densities and stages of
compaction. The problems associated with making this assumption are circumvented to
some extent by using the 7-filament geometry; since the transition from cylindrical porosity
to closed spherical type porosity does not occur until the very last stage of consolidation
[Figure 6A], where the cylindrical pore pinches off at various points along the sample (and
filament) axis. This simplifies matters somewhat,but some interaction still does occur
between mechanisms at various stages of compaction. For example, the effect of
dislocation motion by plastic yielding and power law creep can clearly affect Coble creep
via a dislocation/grain-boundary interaction. Hence, the dislocations generated by
mechanisms (6) and (7) will enhance mechanism (5).

Additionally, since composite materials generally require more time, temperature, or
pressure to HIP to full deasity 9, the constraining effect of a reinforcing constituent must be
studied. The 7-filament gemoetry is ideally suited to study these densification-inhibiting
effects associated with the presence of a reinforcing constituent.

Herring's scaling laws 10 can be judiciously applied when the entire driving force
for consolidation is considered. Though these laws ignore interactions among
consolidation mechanisms, they can be extremely useful if one mechanism strongly
dominases the consolidation process. The scaling law analysis defines the ratio of times for
two different sized wires, R, and Rz (=AR)), to reach identical geometries (same shape -
different size). For plastic flow and creep, the contribution of the surface energy to the
wotal driving force is generally small enough 10 be ignored meaning:
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Aty = 27 Ay
at constant hydrostatic pressure.

Surface diffusica is independent of stress and Herring's analysis, modified for
cylinders, applies:
Aty = A AY

Grain boundary has the same derivation as surface stress but the form of the driving
force is (Y/R + P) so that

Ata = A3 Ay

holds as long as (Y + PR) is held constant. Here v is the surface energy, P is applied
hydrostatic pressure and R is the original particle radius. As with plastic flow, at HIP
pressures the surface energy contribution to the driving force is small, so that the
experiment is essentially performed at coanstant pressure.

Volume diffusion should scale as
Ay = A3 Ay
Therefore, while the analysis provides no insight on the dominant diffusion mechanism in
densification (surface diffusion is non-densifying) it is clearly seen that an observation of

geometric similarity at constant conditions of pressure, temperature, and time is indicative
of plastic flow or creep effects.
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HOT TRIAXIAL COMPACTION

There is anecdotal evidence to indicate that imposing a shear stress in addition to
hydrostatic stress during powder compaction will not only enhance densification but also
imporve the fracture resistance of the resulting compact. The first of these triaxial
compaction (shear + hydrostatic stress) studies is that of Koerner!!, whose Mohr's circle
representation of the stress states and deformation paths obtainable using cold triaxial
compaction is illustrated in Figure 8. For hot triaxial compaction, the potential range of
defermation/temperature paths is considerably increased, as is illustrated in Figure. 9.
However, none of the previous investigators of hot and cold triaxial compaction has been
abie to contro! the temperature, shear stress, and hydrostatic stress independently, i.e.,
acwally impose the sequence of processing conditions represented by Figure 9. It was this
need for independent contrul of temperature, shear stress, and hydrostatic stress during the
compaction of particulates an.) composites that motivated us to design and fabricate our first
generation hot triaxial compaction unit as described in the next section. This fairly rapid
triaxial compaction has the capability of:

e preserving unstable microstructures by compacting at lower
temperatures, i.c., trading shear stress for temperature to achieve
comparable densities,

¢ enhancing compact properties at comparable densities by promoting
interparticle shear during compaction.

* minimizing fiber fracture during particulate/fiber cotaposite compaction
by enhancing the flow of the pariculate matrix during compaction.

* minimizing the formation of stabie spherical pores by minimizing
thermal exposure.

* enhancing the fracture resistance of structural ceramics by reducing the
scale of the defuct geometry.

The design and construction of the special HIP (hot triaxial compaction) unit has
been the principal effort 10 date. The design of this unit essentially involves a judicious
combination of established technologies executed in a novel manner. The vessel sealing
and force application borrow strongly from compressor technology. An in line load cell
and hydraulic control system [Figures 10 and 11] with safety interlocks was designed and
built with the belp of John Richier «nd Co. The vessel operates at pressures of up to
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60,000 psi while at the same time imposing an axial force of up to 50.000 Ib and reaching
the temperarure levers described below.

The first furnace module, based on HI' technology, is currently being tested and is
expected tc operate to 1000° C. A second design, similar to that used in rock mechanics
testing equipment 1213 and capable of reaching temperatures of up to 1400° C, is currenty
under construction. The need to restrict conductive heat transfer made it necessary to
design and fabricate alumina forging surfaces with a load train comprised of both alumina
and zirconia . Both furnaces provide a 2-1/8" diameter x 1-1/2" high hot zone with a 1-
1/2" stroke capability at forces up to 50,000 1bs and pressures of up to 60,000 psi.

The initial specimens are being prepared using glass encapsulation techniques. The
specimens dimensions are 1" diameter and at least 1” high, which will provide a
reasonable specitnen size for subsize tensile, bend, Charpy, and fatigue tests.
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Future Efforts

Ashby's hot isostatic pressing diagrams provide a useful compilation, organization,
and modeling of the HIP consolidation performed to date. The equations for this analysis
are given in reference 1 (Appendix I). Future analytical efforts will be directed at
modifying these maps to include the effects of imposing a shear stress in addition to a
hydrostatic stress dur.ng the compaction process.

Examining the cracked fibers shown in Figures SA and 7A leads us to suspect that
AR they occurred during processing. Certainly fibers are damaged during extrusion 14,15
¢ and in forging of fully dense composites 9. In the latter case, fiber to fiber contact was
- seen to precipitate fracture of tungsten wires in a superalloy matrix,

TEM studies are being initiated to examine the local microstructural changes during
HIP and relate them to the operative mechanisms.

One accepted 2nd one submitted abstract of future presentations are contained in
Appendix II.
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FIG.1: Idealized geometry for physical model of
powder consolidation. The tube is evacuated and the
ends are TIG welded prior to HIP cycle.
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FIG. 2: Ti-6AL-4V filaments consolidated at 750 C and
15,000 psi in a CP Titanium tube.Prior Particle
Boundaries (PPBs) show small amounts of residual
porosity.
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FIG. 3: CP Titanium filament with SiC SCS-6
reinforcement colsolidated at 650 C and 10,000 psi.
Pores are sharply cusped at final stages indicating
dominance of dislocation type densification
mechanisms.Pores around SCS-6 fiber show high
variability in closure rate where matrix pores dislplay
narrow size distribution.
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FIG. 4: 19 filament array of Ti-6Al-4V filaments with one
CP Titanium filament and one SiC SCS-6 fiber.
Deformation of CP Ti filament appears to indicate
plastic flow mechanism since a higher diffusion
coefficient is expected for the Ti-6Al-4V.

(650 C and 10,000 psi)




FIG. 5 A: 19 filament array with SiC SCS-6
reinforcement. Pores are filled with epoxy.

FIG. 5 B: Uniform pore size is observed around the
single fiber and in the matrix.

(650 C and 10000 psi)




FIG. 6 A: Matrix Pore.
FIG. 6 B: Residual Porosity is observed on PPB's.
" (650 C and 10,000 psi)




FIG. 7 A, 7 B: Adjacent filaments constrain
consolidation. SCS-6 fiber damage apears to be
processing related.
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TRIAXIAL STRESS STATES AND

DEFORMATION PATHS USED BY KOERNER

Stress Path of

Maximum Shear Stress

>

+—oq-q

Stress Difterence

Normal Stress O©

(Compression is positive)

FIG. 8: Triaxial Processing Paths.
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TRIAXIAL STRESS/TEMPERATURE PATHS

OBTAINABLE USING HOT TRIAXIAL COMPACTION

-

Shear Stress ¢

Temperature

FIG 9: Hot Triaxial Processing Paths.
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Hot Triaxial Consolidation of Powder Compacts:

H. R. Pichler, D_ M. Waikins, M. A. Khuni, Carmegie Mellon University,
Pittsburgh, Pa. 15213

Triaxial consolidation of powders has been studied in a hot isostatic press (HIP)
modified to impose an additional axial compressive force. The uniaxial
compressive force imbalances the hydrostatic stress state and superimposes a
shear stress during compaction. This nove! process allows for fully general
loading on the compact in ihat the shear and hydrostatic components may be
controlled independentiy. Triaxial compaction differs from sinter forging where
the shear and hydrostatic components are inherently coupled during compaction.
Increased densification and improved mechanical properties have been observed
in metallic and ceramic powders consolidated with shear superimposed on the
conventional hydrostatic stress. Effects of processing paths involving different
trajectories in temperature, pressure, and shear stress space are described. Initial
experirmental results for model systems, Ti-6A1-4V and ceramucs, consolidated
for a range of processing trajectories and rates are presented and discussed in
terms of the operative micromechanisms and macroscopic flow during
consolidation.

To be presented at the TMS Annual Mes=ting, Forming of Advanced Materials,
Las Vegas, Feb. 28, 1989,
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Hot Triaxial Compaction: A First Report on
Shear Plus Hydrostatic Pressing Diagrams
and Initial Experimental Results

Henry R. Pichler and Daniel M. Watkins
Professor and Graduate Student, respectively
Deformation Processing Laboratory
Department of Metallurgical Engineering & Materials Science
Camegie Institute of Technology
Camegie Mellon University
Pittsburgh, PA 15213-3890

Described herein is a novel compaction process, hot triaxial compaction, which
utilizes controlled levels of both shear and hydrostatic stress to consolidate compacts at
clevated temperatures. The shear component is imposed by applying an axial force (tension
or compression) via a ram and movable seal in a modified hot 1sostatic pressing (HIPing)
unit. This hot triaxial compaction system is capable of achieving a pressure of 60,000 psi,
a temperature of 1200° C, and an axial force of 50,000 1b.

The prircipal benefits of hot triaxially compacting monolithic materials are enhanced
densification (at constant time, temperature, and pressure) resulting from shear-induced
deformation as well as enhanced peiformance in the resulting compact. Enhanced
performance can result from improved particle bonding caused by increased shear-induced
interparticle sliding during compaction. In addition, enhanced performance can be achieved
by retarding the decomposition of unstable microstructures by triaxially compacting at
lower temperaiures than those required to achieve the same density using conventional
HIPing; in essence, trading shear stress for temperature to achicve the same density. Hot
triaxial compaction of composites can also be used to reduce the extent of reaction zones by
compacting at lower temperatures to achieve comparable densities, again trading shear
stress for temperature. In addition, hot triaxial compaction of powder-matrix short fiber
composites should reduce fiber fracture during consolidation because of the enhanced
plasticity of the matrix compared to that duriag HIPing.

The effect of shear stress on the identification of the dominant densification
mechanism is characterized by modifying the traditional hot pressing diagrams to include
shear stress as a third dimension. Some initial results for these shear plus hydrostatic
pressing diagrams are presented.

Inital results for hot triaxially compacted composites fabricated using short SiC
fibers and Ti-6Al-4V powders are presented as well.

Submitted for presentation at the: Second International Conference on "Hot
Isostatic Pressing - Theory and Applications”
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TASK 2

High Temperature Structural Materials

H.J. Rack, Investigator

Task 2 of the URI on High-Temperature Metal Matrix Composites, the task title of which is
"Modeling of Consolidation and Deformation Processing of Composites”, is being conducted at
Clemson University, and has three sub-tasks. The Annual Report for this Task consists of
separate summaries for each of the three sub-task projects. They are listed below, with the titles of
the summaries retlecting the topics of the individual projects. The first sub-task addresses the need
to understand and improve interfacial behavior and control of bonding between reinforcements and
matrix in metal matrix composites. The secord is a preliminary investigation of titanium aluminide
alloys, including those of Ti-Al-V composition as well as the more widely studied Ti-Al-Nb-V
alloys, with the intent to apply this knowledge to development of aluminide-matrix composites.
The third sub-task is a study of a model composite, TiC reinforced Inconel 718, in which the
matrix alloy is a well-studied and widely-used nickel-base superalloy of intermediate temperature
capability, and with particulate reinforcements of TiC, which is relatively stable in 718.

Page
SUB-TASK 1

"Interfacial Modification in Metal Matrix Composites”
J.P. Clement, K.T. Wy, H.G. Spencer and H.J. Rack 92

SUB-TASK 2
"Elevated Temperature Plastic Flow and Fracture of Multi-phase Alioys and Composites”
E. F. Wachtel, J. Wung and H.J. Rack 125

SUB.TASK 3
"Phase Stability and Aging Response of TiC Reinforced Inconel 718"
E. F. Wachtel and HJ. Rack 135
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INTERFACIAL MODIFICATION

IN METAL MATRIX COMPOSITES

J.P. CLEMENT,

K.T. WU, H.G. SPENCER, H.J. RACK
Materials Engineering Activity
Department of Mechanical Engineering
Clesson University

Clemson, South Carolina
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INTRODUCTION

The influence of exposure teaperature and time ¢a fiber-matrix
interactions in metal matrix composites has been examined for almost twenty
years. Repeated thermodynamic calculations indicate that fiber-matrix
reactions are the rule, rather than the exception. Calculations shown in
Figure 1 illustrate, for example, that reactions of elemental C(graphite)
with elemental Al ard Ti are thermodynamically favored over a wide range of
temperatures. Furthermore, Al,C3 formation at a graphite(C)/Al interface
results in a marked reduction in the fider's strengthl. Exposure of PITCH
and PAN-based graphite fibers to molten aluminum at 680°C for two minutes
results in a decrease of 10 and S50 percent, respuctively, in the fiber's
tensile strengthz. %

Investigations of both Al and Ti-ba::d continucusly reinforced metal
matrix composites do suggest however that the details of reaction layer
growth are systea specific, as summarized for Ti~based metal matrix
composites in Table 1. In addition, examinatior of the SiC/Ti results show
that these reactions are extremely sensitive to fiber pre-treatment. For

example, the introduction of 8 C-rich layer drastically reduces the rate of

layer growth in SiC reinforced conpoai:css. However, once this C-rich region
is consummed, the rate of growth raturns to that of the uncoated fiber3.
Unfortunately, this seasitivity also sakes direct comparisons snd : =
correlations between systess, and between different investigators uxtremely

difficult. For example, Tressler st. al.9 suggested that the reactivity of

selected fibers with a Ti=40A matrix could be rated in the order, from

highest to lowest, SiC-Al;043-B, while Yennedy and Geschind's resultsl® .t
suggest that this order should be A1;03-B-8iC for resactions observed in a ‘ ;.

similar Ti-70A satrix.




TABLE 1

Interfacial Reactions in Continuous Fiber Reinforced
Titanium Metal Matrix Composites

System Max. Reaction Reaction Products Ref.
Teap. (°C)/Time(h)

SiC/Ti-6A1-4V 1000/ (a) TigSi3(TiC)/TiC 3
SiC/Ti-641-4V 955/10 (3) 4
SiC(SCS-6)/Ti-6A1-4V 900/100 TiC,TigSi3/TiC{TigSi3)/TisSi3 S
SiC /Ti 1150/8 TiC 3
SiC/Ti-6A1-4V 950/1 TiC/TigSis ?
Al,04/Ti Ti3A1/TiO-type (Ti,A1);03 8
/Ti-6A1-4V " 8,9
/Ti~8A1-1V-1Mo 926/10 " 8
/Ti-6A1-2Sn-42r-2Mo 926/70 " 8
/70A, 75A 1000/100 (Ti3A1/TiyA1/TiAl) 10
B/Ti-40A 1038/7000 TiB, 11
JTi=75A "
B/Ti-Si,Sn,Cu,Cx,Al, 760/100 "
Mo,2r,V (b)
Borsic/Ti=6A1=-4V 955/10 (a) 4
B,C-B/Ti~6A1-4V 955/10 (s) 4
W/Ti-75A 1000/100 Ti-W Eutectoid 10
JTi-75A 930/ 11
C/Ti-70A (a) TiC 10

(a) NG-Not reported
(b) Exact composition not given

While the datails of fiber preparation, prior to incorporation into a
metal matrix comsposite, have often not been provided, the kinetics of layer
growth, once this layer has been established, has been found to obey a
parabolic rate law, where the thickness, x, of the reaction layer can be
described as s function of the exposure time, t, by, 12,13

x2 = K [exp (=Q/RT)] ¢t
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where n, the parabolic index is a function of matrix crystal structure, K is
a constant whose value depends upon the matrix composition and crystal
structure and includes diffusional pre-exponential terms, Q is the activation
energy, R is the gas constant ana T is the absolute temperature. Detailed
examinaticn of kinetic data suggests that it should be possible to develop
esither a 1atrix composition or irterfacial barrier coating which retards
fizer-matrix iateractions.

Two previous attempts utilizing the former approsch in Ti-based mutal
gatrix compocites have been reportedlznlk. Metcalf snd Kleinl2? found that B
isomorphous alloying additions were most effective in retarding fiber-matrix
interactions. Guzei et. al.'s more recent studyl“ has reinforced this
conclusion and has suggested that the saarch for ccmpatible titanium matrices
ke oxtended "outside the & + § region".

Alternatively, fiber surface coatings have attracted detailed attention.
Coatings have been designed to promote wetting, while simultanecusly
provide a barrier sgsinst excessive fiber-satrix interactioa. These coatings
say, in addition, facilitate load transfer between the matrix and the fibers
and could, in theory, serve as mechanical fuses to isolate, by interface
delamination, any imspinging reaction sone cracks.

Of necessity, the coating should be homogenous and have a minimal
thickness. The latter criteria is particularly important since previous
studies have shown that the tensile strength of coated fiders decresss with
incressing layer thicknessi3=19. TFinally, the coatings' coefficieat of
thersal expansion should be tailored to that of the satrix ia order to
sinisize residual stresses at the fiber-matrix interface.

Many fiber coating techniques have been examined. For example, TiC and
TiB; costings on C and C om SiC have been spplied successfully by cheaical
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vapor deposition (CVD), and most continuous metal matrix composites are
produced utilizing this apptoach2°’21. The coatings produced by CVD have been
found to effectively promote wetting and bonding between, for example, SiC
and Al/¥g/Ti22,23, graphite fibers and Al/Mg2%4,25, TiB; coatings are
effective because they mitigate the reaction between graphite ard the metal
matrix, B on the C surface reducing the number of available active sites for
the reaction2§:

Al + C => Al4C,.
In contrast, TiC coatings sre thermodynamically stable with respect to Al,C,
formation?’,

Although CVD processing has been successfully utilized for both C and
SiC fibers, it is limited in the barrier compositicns that can be applied.
Furthermore, at least for C fibers, the TiB; coating is not air stable.

Recently, Katzman et a1.21,28-30  haye reported the development of a
simpler method for producing an air stable C filer coating. The coating
procedure utilizes a sol-gel process, whereby C fibers are passed through an
organometallic solution, the organocmetallic compounds pyrolyzed or hydrolyzed
to form an Si0; metal oxids coating.

This approech sppesrs to offer a major advance over CVD processes and {s
the basis for the research reported herein. Eaphasize in this investigati.n
has been placed on TiO2 sol coating of C fibers for inclusion in either an Al

or a high temperature titanium slumsinide matrix.

EXPERIMENTAL PROCEDURES
Two sol-gel coating strategies have been pursued im this investigation.

The first involved hydrolysis of metal ions dissolved in acidic wvater




solutions. Following dissolution, the pH was increased, as the pH increased

the degree of polymerization of the hydrous metal oxide increased, the
polymer solubility decreased and a gel was formed.

Continued increase of the pH however contributed to floc formation,
i.e., aggregation of primary particles. Coatiag of & surface with a
continuous uniform thickness of hydroxide requires that gelation be
inzzrcepted prior to floc formation. Unfortunately, initial experiments
using glass slides and carbon fibers produced coatings that appeared to be
collection of flocs, that is individual particles, rather than a uniform
ccating. Attempts to overcome this barrier by utilizing very dilute metal
icn concentration, e.g., 10~4 M, were also unsuccessful. Further study
utilizing & metal alkoxide in an alcohol solvent suggests that floc formation
is catalyzed by H70, therefore future attempts to develop directly
hydrolysized sols will be directed towards non-aqueous sclvents.

The second strategy utilized in this study involved synthesis of metal
oxides from metal slkoxides in non-aqueous solvents; the more common sol-gel
procedure. TiO; sol coatings wers selected for study in this investigation.
This salection was based upon the thersodynamic stability of TiOy with
respect to TiC formation, see Table 2, the known ability of Ti to enhance the
wattability between metals and ceramics31:32, and finally its ready
availability in the fors of & metal alkoxide precursor, titanius isopropoxide
(TIP).

Early experisents indicated that control of eavironment is extresely
critical in controlling the hydrolysis resction, iadeed the resction appears
to be initiated by atmospheric moisture. Therefore, all coating experisents

were performed in & nitrogen controlled atmosphere dry box, Figure 2.
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Glass slides were utilized for many of the initial coating experiments.
Tnese slides had previously been clesned followirg the procedures outlined in
Table 3. These experiments were supplesented by coating C vapor deposited

slides, the latter intended to simulste a C fiber surface. Finally, coating

Teble 3
Glass Slide Cleaning Procedurs
= Rinse with water
- Immerse in approximately 3M nitric acid
- Rinse with Vater
- Iamerse in isopropanol

- Store
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trials were performed utilizing unsized high strength PAN and PITCH base
carbon fibers, AMOCO T650/42 and AMOCO P100S, Figure 3. Thea mechanical and

physical properties of these uncoated fibers are listed in Table 4.

Table 4

Carbon Fiber Ptoperties*

Fibers Tensile Young's Tensile Young's Density Diameter
Strength Mcaulus  Strength Modulus g/cc um
KPsi MPsi MPsi GPa
T 300 522 34 3.6 234 1.27 6.8
T 650/42 760 44 5.2 304 1.80 3.1 _
P 558 275 b} 1.9 380 2.15 10.1
P_100S 325 105 2.2 124 2.00 9.7

All fibers are shear treated and unsized

Prior to actual coating, extensive investigations of solution stability
were undertaken. These studies included examinations of the role of
H20/alkoxide ratio, molarity, acid content and temperature on stability.
Solution stability was assessed by messuremen:s of the solution's specific
viscosity and turbidity as & function of time.

All coating was performed utilizing & controlled dipping process where
the velocity of withdrawal from the costing solution was fixed. Following
dipping the coated samples vere introduced into & humidity controlled oven at
§0°C, so that the coatings were simultsneously aged, and in part dried.
Selection of this drying temperasture, as well as the subsequent firing
temparature was based on preliminary DSC and TGA evaluations, Figure &.

These results revesled that drying occurs between room temperature and 200°C,

vith & saxisus desorption of the solvents at 125°C. Above 200°C, the




desorption of the solvents is complete, the constant slope on the DSC curve
probably being due to the carbonization of the remaining OR groups. The TGA
observations confirm that the maximum weight loss, 25 percent, occurs during
drying, with the weight loss between 200°C and 400°C being smaller,
approximately 5 percent. Abcve 400°C the weight loss is negligible.

Following drying, coated samples were fired at 300°C for 1S5 minutes to
complete the conversion of the coating from a gel to & ceramic, this
transformation being confirmed by X-ray analysis.

Coating thickness was assessed, both prior to firing and following
firing, utilizing UV spectroscopy and Fizeau interferomstry. In addition,
coating uniformity was assessed by scanning electron microscopy, assisted by
EDAX chemical analysis.

Finally, qualitative changes in fiber wettability, as influenced by
coating, were evaluated by liquid metal vacuum infiltration of C fiber
preforms by pure aluminum. This procedure used a special pressurized
autoclave, Figure 5. Operationally, this procedurs utilizes pressurized gas
to force molten metal into a fiber preform, the threshold pressure for
infiltration initiation being correlated with the wettability33. For
example, P., the capillary pressure necessary to raise & liquid coluan in a
capillary of radius, r, is be given by:

Pe =(2*7%y*Cos0)/x
where ¥), is the liquid-vapor interfacial energy, and O is the wetting angle.
When liquid is forced through the fiber preform by an applied pressure, &
threshold pressure must be exceeded before flow coamences. This threshold
pressure can be measured and converted into contact angle values by replacing
r with the hydraulic radius rh (rh = volume of liquid in the pors space

divided by the wetted area)ds,
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Optical and transmission electron wicroscopy were also utilized to
examine fiber-metal interactions in these pressure infiltrated composites

containing coated and uncoated fibers.

RESULTS
Solution Stabil:ty

Figure 6 shows that increasing H;0 content, et fixed titanium
:sopropoxide (TIP) molarity, does not have a marked effe.t on the rate of
change in turbidity with solution aging time. However, increased H;0 content
does drastically decrease the solution stability, the latter being defined as
the time required for a step-wise change in the turbidity. Visual
observations confirmed that this step-wise change is asscciated with a
clouding of the solution, presummably thru the agglomeration of colloidal
particles.

Solution stability can also be controlled by altering the acid
concentration and solu.ion temperature, Figures 7 and 8, respectively. For
example, increasing the acid concentration to 2.8 x 103 m/1, at a fixed TIP
molarity and fixed TIP to H;0 ratio, increases the solution stability froa
less than 1 hr. to greater than 3 hrs. Further, decreasing the solution
temperature from 40°C to 20°C, increases the solution stability from
approximately 26 minutes to approxissately 45 minutes. Based on these results
a solution chesistry of TIP = 0.3 m/], an scid coatent of 8 x 10°3 w/1 and o
TIP to H;0 ratio of 10, nperated at 30°C, were selected for coating
evaluation.

Coating Eveluation
As described previously, coating svaluation involved vertical withdrawal

of cleaned glass slides from the TIP solution. Figure 9 shows that as the
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speed of the withdrawal increases, at least within the range of withdrawal
speeds exaained in this study, the thickness of the coating produced
increases. Furthermore, this data indicates that an approximate 30 percent
raduction in thickness should be expected when a dried coating is fired. For
instance, the thickness of a coating that had been dried for 10 min. at 60°C,
decreased from 120na to 104nm when fired at 300°C for 15 minutes. The use of
Ligher firing temperatures, e.g., S00°C versus 300°C, only slightly alter
(densification, sintering) the final coating thickness.

Coating thickresses can also be controlled by altering the TIP
coacentration and the number of dips, Figures 10 and 11. For example,
increasing either the solution molarity or the number of dips increases the
coating thickness. Figure 11 further suggests that the original surface
energy has a role, albeit & seemingly secondary one, on the coating thickness.
The initizl dip resulted in & surface coating thickness of 25nm, while each
subsequent dip resulted in an incresse in thickness of 45nm. Similar
conclusions can be maa+ from the C coated slides, where under identical
conditions, fired sol coatings were thinner than amight be expected froam the
clear glass slide results.

Carbon Fiber Coating

Carbon fiber coating utilized the dipping procedures presviously
established for the glass slides, with the fibers being dipped as tows, 12000
filaments for the PAN base and 2000 filaments for the Pitch base fibers.
Initially the withdrawal speed was 24 ca/min, and the alkoxide conceatration
was TIP = 0.3 mol/1. Although these conditions had previously produced 80nm
crack free uniform coatings on casrbon costed glass slides, the fiber tows
wers not coated uniforsly, the dipping solution being trapped between fibers

by capillary forces. As & result, coatings after drying were much thicker
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and many fibers were glued to each other by metal hydroxide bridges, Figure
12. Firing caused these coatings to crack.

Reduction of the solution concentration to 0.03mol/l coompletely
eliminated the formation of bridges, Figure 13, with the presence of TiO; on
the fiber surface being confirmed by EDAX analysis, Figure 14.

Finally, Figure 15 dezonstrates the qualitative enhancerzent in fiber
wettability that can be achieved by sol ccating of the graphite fibers.
Uncoated fibers tend to clump during pressure infiltration, Figure 15(a),

while zcated fibers are dispersed within the pure Al matrix, Figure 15(b).

DISCUSSION
Metal alkoxides are known to react vigorously with water to produce
metal hydroxides. The reactions are complex but can be represented for

simplicity in two steps.

Hydrolysis
M{OR), + H0 -==> M(OR)p.y (OH) + R(OH)
Condensation
dealcoholation
M(OR)p + M{OR)p.; (OH) ===> M20(OR)2p.2 + R(OH)
dehydration
M(OR)p.y (OH) + M(OR)qy.2 (OH) =-==> M0(OR)2p.2 + H20
These reactions occur risultanecusly making it difficult to separate the
hydrolysis and condensation steps, with the oversll reaction being:
M(OR), + (n/2)H20 ——=> MOp/2 + nR(OH)
In snalogy with Si0; sols, the hydrolysis-ccndensation of titanium

isopropoxide (TIP) is expected to yisld an oxide network, 1i.e.,
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Ti-OR + Hy0 ---> Ti-OH + R(OH)

Ti-0OH + RO-T{ =--=> Ti-0-Ti + R(OH)

T{-OH + OH-Ti ---> Ti-0-Ti + H30
with the degree of polymerization being controlled by TIP to H0 ratio,
solution molarity, temperature and acid content. In general, the degree of
polymerization in TIP sols appears to be controlled by the TIP to Hz0 ratio
as long the ratio is less than the stoichiometric value33. The coating
microstructure will, in turn, depend on the pH of the solution. If an acid,
as in the present investigation, is used as a catalyst the polymer chains
grow in & more linear fashion; therefore, the final polymer fila will cover
the substrate more efficiently and will be less likely to crack. In
contrast, if a base had been added to the solution the final coating would
have been more like a jutaposition of particles loosely attached. The
coating would, therefore, have been more porous and mo-e sensitive to
cracking36.

The turbidity results further suggest that as the TIP solution sges the
degree of polymerization incresses with the sol being converted to a polymar
network with more and more crosslinks. Maximus coating efficiency, that is
the development of a thin uniform coating, is associated with partically aged
TIP solutions. Once coatsd, evaporation of the solvent, drying, can be
started at any time. During this stage the polymer network shrinks as fast
as the solvent evaporates. I[f the network is not stiff enough, i.e., it has
not “een sged long enough, it will collapse and crack during drying. Because
it incrcases the coating strength, aging before drying also presents one
method of mirimizing the coatings’' tendency to crack.

Further, the current study has shown that air stable TiO2 coated C

fibers say bs formed at low temperature, that is all processing being carried
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out at temperatures below 300°C. By controlling the solution concentration,
pH, temperature, and time of immersion it is possible to control the
unifcrmity and the thirkness of the resultant oxide coating. A given
thickness can be obtainad many different ways, for example, multiple dipping
in a low alkoxide concentration solution.

Finally, preliminary data suggests that Ti0; coatings can enhance the
wettability cf C fibers. Currently ongoing transmission electron microscopy
is designed to examine what, and to what extent reactions wmay have occurred

diring prassure infiltration of TiO; coated C fibe=s.
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INTRODUCTION

Ordered intermetallic compounds, for example, TiAl, TijAl, NiAl, NijAl,
offer great potential for elevated temperature application as either
aonolithic alloys cr as matrix materials for fiber reinforced metal matrix
compcsites. To date their application has, however, been limited by their
rather low room and elevated temperature ductility and fracture toughness,
Blenkensopl has reported that it may be possible to enhance both the low and
high temperature ductility of intermetallic compounds through the
introduction of a controlled amount of a dispersed softer phase, B phase for
the specific example of TijAl. In addition, numerous studies of ceramic
materials have shown that it is possible to enhance tie fractureé toughness of
brittle materials through the introduction of & second brittle phase, for
example, SiC whiskers in A1;03, where, in this instance, the brittle second
phase serves to locally deflect propagating cracks2>3. In both
i{lluscrations, it is clear that the effectivensss of thess toughening
mechanizms will be critically dependent on achieving & uniform dispersion of
the second phase. Attainment of this unifors dispersion in candidate
intermetallic systess will require that we develop a detailed understanding
of the elevated temperature high strain deformation behavior of these
multi-phase materials. This investigation is aimed at achleving this
fundasental underscanding, utilizing selected titanium aluminide alloys as

experimental model materials.

EXPERIMENTAL APPROACH AND RESULTS
Table 1 lists the alloys being utilized in the present investigation.
The alloys aay be broadly divided into two types, Group 1 based on a
a2-TijAl, DOjg ordered HCP, astrix and Group 2 based on 8 ¥-TiAl, Llg
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TABLE 1

ALLOY CHEMICAL COMPOSITIONS

Alloy Designation Element(Wt. Pct)

Al Nb v Mo Fe c Q N

11 14.25 21.3 - - 0.05 0.18 0.09 0.012
12 4.6 20.0 3.3 2.1 0.08 0.03 0.08 =~
13 20 - 5 - - - - -
14 20 - i2 - - - - -
15 27.5 - s - - - - -
21 30 - 5 - - - - -
22 30 - 9 - - - - -
23 30 - 20 - - - - -

ordered FCT, matrix. Selection of Ti-24 Al-11 Nb, slloy 11, end Ti-25 Al-10
Nb-3 V-1 Mo, alloy 12, was based on their ready availability in inget form
and importance as commercial or near-commercial materials. Figure 1 shows
representative opticsal micrographs of these alloys as produced in 7500 1b.
ingots. The microstructure of alloy 11 consists of blocky a3 with a
background of extremely fine a2 and B, vhile alloy 12 contains s transformed
a2 and 8 microstructure.

The selection of the Ti-V-Al ternary alloys ves based on a consideration
of the Ti-Al-V ternary phass diagrem as recently presented by Hashimoto et.
al.d, Figure 2. S8ix slloys are currently being prepersd as 15 kgm ingots and
vere chosen to contain the following combinations of phases: @2, a3 + 8, a3

+7,a2+8+7, 7T+a3 and7T + 8. Following receipt of these alloys samples
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will be provided to J. Howe at Carnegie-Mellon for inclusion in his studies
of interfacial structures. ,

Initially, elevated temperature phase equilibria studies are being )
undertaken, utilizing differential scanning calorimetry (DSC) and eleavated
temperature x-ray diffraction (ETX), the latter being conducted in
cooperation with the High Temperature Materials Laboratory at the Oak Ridge
National Laboratory. Preliminary results of the DSC studies for alloys 11
and 12 are shown in Figure 3. This data indicates that the a3 + 8 ~~=> 8
transformation temperature for these aslloys is 1020°C and 1010°C,
respectively. The former value of the B transus is in excellent agreement
with the pseudo Ti3jAl-Nb binary diagram shown in Figure 4, while the decrease
in B transus noted for alloy 12 is in keeping with the known effects of the
additicnal B stabilizing elaments present in this alloy. Detailed analysis
of the other transformations suggested by the DSC results {s underwvay
utilizing high temperature X-ray diffractiom.

Compression samples, having a height to diameter ratio of 2.5 to 1, of
alloy 11 and 12 are currently being machined. These specimens will be
utilized to establish the influence of strain rate and teamperature on the
flow propertiss, employing ~onstant true strain rate compression procoduxoa‘.
It should be noted that the diameter of the test specimen has been selacted
to ensure polycrystalline deforsation, that is the specimen diameter will, at
4 miniosum, be ten times the grain size.

Tesis will be zun on the closed-loop microcomputer controlled
servo-hydraulic MTS machine described in the First Annual Report, with the
test sample being rapidly cooled after testing using an integral gas quench

attachment to preserve the deformed structure.
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Figure 1 = Optical Micrographs of (a) Alloy 11 and (b) Alloy
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INTRODUCTICN

Metal matrix composites (MMC's) are being developed to improve specific
stiffness, specific strength and high temperature performsnce. Theoretically
MMC's are intended to combine the high toughness and ductility of a metal
matrix with the high strength and stiffness of the ceramic reinforcing phase.
while most previous efforts have focused on Al and Mg matrix composites,
recent advdances in material technology Lave resulted in the developuent of an
intermediate temperature MMC based on a matrix of Inconel 718.

Inconel 718 is a popular intermediate temperature (700°C) Ni-base
superalloy for aerospace and turbine disc &ppiicatioas. Tha alloy is
available in cast, wrought and powder metallurgy (P/M) forms, with the cast
product having slightly higher Mo content. Precipitatioa reactions in this
alloy, as depicted by the TTT diagras shown in Figure 1, have been studiad
extensively, with the aging sequeace teing,

SsS = §' => y" =53
The T’ phdse is a disc shaped, coherent precipitate with an ordersd FCC
structure (L12) having & stoichiomatry based on the NijAl composition, with
titaniux freely substituting for aluminus. 7" is a metastable, lens shqpcd.
coherent precipitate with an ordered body ceantercd tetragoazl crystal
structure (D022) having & stuichiometry based on NijNt. Titanium and
possibly aluminum cen substitute for the niobium. & is a stable, incoherent
precipitate with an orthorhombic structure (DO,), having a stoichiometry
bared on NijNb.

It is generally agreed that the major strengthening phase in Inconel 718
is games double prime (¥")1-9. This is snomalous to other nickel based
superalloys containing slumirum and titanium which arc strengiiened by a

gevma prime (I') precipitate reactionl®=12. wWhi)e 7' is detected in Inconel
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718, it is not considered to be the strengthening phases‘g. Overaging of
Inconel 718 results from coarsening of the ¥" precipitates and precipitation
of the delta phase. Studies of P/M alloys have shown that the precipitation
reactions are similar to those of the cast and wrought productsl3'14.

Various carbides may also be present in the Inconel 7138 system. These
include: an MC type (usually titanium or niobium cartide or carbo-nitride)
which has a random cubic morphology (titanium and niobium carbides are
mutually soluble in one another), a M(C type, which is derived from the
decomposition of MC and which typically has a blocky, grein bounda:cy
morphology, a M7C3 type which has a blocky intergranular morphology and a
M33C¢ type which forms from the decomposition of either MC or M;C3 and his a
grain boundary platelet morphology. In addition to ¥" strengthering, varicus
investigators have suggested that niobium carbide (NbC) precipitation may
also enhance the properties of Inconel 7181,2,5,7,8,9,15,  Carbide type,

istribution and morphology have been shown to affect properties,
particularly ductility and stress rupturcls. Finally, the stability of
carhides and the solubility of carbon in Inconel 718 have been studied, with .
tha solubility of carbon increasing substantislly at temperatures greater
than 980°ci5.

Previous experience with alusinua and magnesium matrix composites bas
shown that precipitation reactions may be altered by the presence of a
cersmic reinforcament16-19. This phenomenon is particulazly pronounced in
systess wvhere the precipitation reactions exhibit heterogeneous nucleation.
Enhanced heterogensous aucleation and growth of pracipitstes in this instance
is associated with a dislocstion network, the network having developed in
responss to the thermal strain associated with the sissatch in cosfficient of

thermal expansion between the matrix and reinforcement. Indeed, dislocation
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densities on the order of 1013/cm2 have been reported at the
matrix-reinforcement interface20.

It is w21l established that the ¥' phase nucleates heterogenecusly in
Inccnel 718, typically at extrinsic stacking faults or at intrinsic slip
dislocation®:21,22, ¥" nucleation is intimately asscciated with existing ¥'
precipitates7. In addition, niobium cerbide is reported to nucleate
heterogeneously1'2-7»23. Based on the above considerations, it would be
anticipated that the aging kinetics of Inconel 718 sbould be affected by the
addition of a ceramic reinforcing phass.

The primary objective of this study is to determine the effact the
addition of a reinforcing phase additioon has on the precipitation reactions
and aging kinetics of an Inconel 718 matrix composite. A second objective is
to examine the stability of TiC as a reinforcing phase in this Ni{ base

superalloy.

EXPERIMENTAL PROCEDURES
The ma:arials used in this study vere: a P/M composite of Inconel 718
nominally reinforced with 20 volume percent TiC, P/M 718 and cast 718.

Compositions of the ingot and powder alloys are given in Table I. P/M and

Table I. Chemical Composition of Ingot and Powder
Element Ni Fe Cr Mo Ti Al Nb Mn Si
Powder 52.8 18.3 13.4% 31 1.0 0.6 $.3 0.1 0.2
Ingot 52.5 18.7 18.)3 3.1 1.0 0.6 5.4 0.1 0.1

composite billet fabrication involved wet blending of =200 mesh, gas atomized

povder with TiC particulste, drying and canning/evecusted in & mild steel
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can. Scanning electron micrographs and L&N Microtrac powder size
distributions for the Inconel 718 and TiC materials ere shown in Figures 2
and 3, respectively. Coapaction of the P/M and coamposite zaterials was
achieved by hot isostatic pressing at 1150°C for three hours at a pressure of
103 Pa, as depicted in Figure 4. Trollowing compaction the biilets were
extruded at 104G°C with an extrusion ratio of 19:1. Fiaally, in order to
maiztain coasistent thermomechanical processing history, the cast material
was stbjected to the same hipping and extrusion treatment.

The zmicrostructure of the P/Y and cast patarials was initially examined
utilizing standard metailcgraphic procedures. In additicn, the composite
material's microstructure was extensively examined using a JEOL JSM IC848
scanning electrop microscope in the backscatter mode. Semi-quantitative
analysis of the various phases present in the backscatter micrographs was
doune using x-ray energy dispersive spectrosccpy (EDS), the systea being
calibrated using a copper standard. A spot mode was utilized to analyze the
composition of the various phases observed in the TiC reinforced Inconel 718,
with a beam spot diameter of 0.02 um.

Differential scanning calorimetry and R. hardness msasuresents were used
to compare the precipitation reactions of the composite and the unreinforced
materials. The aging kinetics wers examined by monitoring the hardness of
0.5 in. x 0.5 in. x 0.3 in. solution treated and quenched samples as a
function of isothersal aging time, from 0.5 to 1000 hours over aging
temperatures varying froe 650°C to 870°C. The reported R; values are the
average of three measureasnts msde at esch time-temperature combinmation.

Thin foil transmission electron microscopy studies are currently
underway to determine the location and nature of the precipitate reactions

and the type and extent of the matrix/reinfor~ing phase interfecial resction.
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Precipitates and reaction products are being analyzed using selected area
electron diffraction (SAED) and energy dispersive x-ray spectroscopy (EDS).
Five time - temperature combinations are being analyzed for the composite
material as fo'lows: 1. Super-saturated solid solution, as-quenched, 2.
Urderaged, §50°C for 1 hour, 3. Peak aged, 760°C for 3 hours, 4. Age
softened, 870°C for 30 hours, and 5. Overaged, 870°C for 300 hours.

In addition, elevated temperature tensile and st-ess rupture testing is
being performed in cooperation with DWA Composite Specialties, with selected

failed specimens being examined using SEM fractcgraphy techniques.

RESULTS

Figure 5 shows a typical SEM backscatter electron micrograph of the
1150°C solution treated composite. Three distinct phases are obvious in this
micrograpn: light, grayish and black. A spectrum for the black phasa,
identified as TiC, is shown in Figure 6. In general, TiC was randoaly
distributed throughout the matrix with the volume fraction and the size being
lowsr than anticipated. Indeed, the average volume fraction of TiC, as
measured in the composite, was apprcximstely five volums percent, with the
average particulates sizs ranging from 5 to 10 us. The spectrum for the gray
phase, a mixed carbide of Ti and Nb, probably a mixed MC type carbide, is
shown in Figure 7. This result is reasonable since both carbides have the
sape structure (sisple cubic) and are completely soluble in one another
occupying various aites on & carbon sublattice. Finally, the spectrum for
the light, Inconel 718 macrix, is shown in Figure 8.

Preliminary differential scanning calorimetry observations are shown in

Figure 9. Whilo P/M 718 exhibits a single relatively sherp peak at 810°C,

with indication of other peaks at 375°, 600° and 900°C, the DSC trace for the
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TiC reinforced composite suggest the presenca of peaks at 375°, 550°, and
1000°C. Further experisents aimed at more precise determination of the
reaction temperatures and the enthalpies of reaction are currently underway.

The results of the aging studies are shown in Figure 10. It is apparent
that the aging kinetics of the cast, P/H and composite materials are a
distinct function of aging temperature. Aging at 650°C results in & gradual
increase in R. hardness in both the cast and P/M Inconel 718, with peak
hardness occurring after aging for 256 hrs. In contrast, aging of the TiC
reinforced composite is accelerated, with almost all sging rssponse occurring
within the first hour, little increase in hardness being observed thereafter.
Further, little difference in aging response is noted after aging at 705°C,
overaging of all materials being observed at times greater than 4 hrs.

Increasing the aging temperature to 760°C once again allows separation
of the unreinforced and reinforced Inconel 718. At this aging temperaturs,
overaging, that is a decrease in hardness, is deiayed by the introduction of
the reinforceaent, overaging being observed for aging time in excess of 32
h:s for the unreinforced msterials, while overaging is only observed in the
reinforced alloy for aging times greater than 100 hrs.

Aging st 815°C results in overaging of all materisls at times greater
than 0.5 hrs., with some evidence for a second aging peak being observed in
the composite saterial. Indeed, this secondary aging pesk is more pronounced
iL the composite material aged at 870°C, while only a slight degree of age
hardening is observed in the unreinforced alloys.

A comparison of the elevated tesperature tensile properties of
unreinforced and reinforced Inconel 718 are shown in Figures 11 and 12. The
former results indicats that there appears to be little laprovesent in ths

high temperature strength of Inconmel 718 occacioned by the introductioa of
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the TiC reinforcement. However, there is, independent of temperature, a

severe reduction of the tensile ductility associated with TiC reinforcement.

The failure mechanism of the unreinforced material is ductile rupture as seen .
in Figure 13. Similarly in the composite material, the matrix material
exhibits scme ductility as evidenced by localized dimpling while the
reinforcement fails by brittle cleavage as seen in Figure 14. Fractographic ¢
evidence suggests that at least part of this reduction in tensile ductility
is directly related to TiC clumping, Figure 15.

Preliminary stress rupture properties of unreinforced and reinforced ¢
Inconel 718 are shown in Figure 16. Once again, at least at the single
stress level and temperature examined to date, there appears to be no benefit
associated with TiC reinforcement of Inconel 718. Further creep and stress .
rupture reasurement are currently underway to substantiate these results over
a wider range of temperature and stress level.

L |
DISCUSSION

It is hypothesized that the differences in aging response noted between
unreinforced and TiC reinforced Inconel 718 can be explained by considering ¢
the therzal stability and redissolution of TiC during the P/M processing
sequence utilized in fabricating the composites currently under
investigation. e

During elevated temperature compaction, extrusion and solution
treatasent, TiC will therefore partially dissolve, ths exteat of dissolution
depanding on exposure time snd temperature. It is further hypothesized that ]
on cooling Nb and Ti will combine at the Inconel/TiC interface forming mixed
MC carbides, with the resulting matrix being enriched im Ti and depleted of
Nb. Analytical transmissicn electron microscopy studies have have confirmed e

e
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this hypothesis, precipitates of (Ti,Nb)C having been detected in the peak
aged material, Figure 17. The compositions determined by analytical TEM
confirm earlier SEM-EDS results but indicate that the actual Nb concentration
of the mixed carbides may be 23 high as 40 atomic percent.

Furthermore increases in Ti content thru, in the present instance,
dissolution of the TiC reinforce=zent, will accelerate the formation of ¥'
precipitates. In addition, increased matrix Ti ¢ontent could promote tue
formation of the ¢ phase (Ni4Ti) which, while not normally observed in
Inconel 7.8, bas been reported in other Ni-base superalloys having higher Ti
contents. Detailed TEM studies are currently underway to verify these
hypothesis.

In addition to a difference in the kinotics, the magnitude of the aging
response appears to have bteen altered. The ratio of peak hardness to super
saturated sclid solution hardness wmay be used to assess the magnitude or the
aging respcnse. Yor the unrcinforced material, this ratio is an order of
magnitnde higher than the reinforced material. Further, the ratio of the
overaged hardness to the supersaturated solid solution hardness is an
indication of the stability of the systex. Again, an order of magnitude
differenca is seen between the unreinforced and the reinforced material. It
is beiieved shat this affect may be due, in part, to the effectively low
concentration of Nb in the matrix, smaller coherency strains associated with
3" and a soaller volume fractionm of the & phase.

in an attenmpt to assess the stability of the composite, ssaples were
subjected to multiple solution trestssnt and aging sequences. The results of
the reversibility experisents are shown in Figure 18. Thess results show

that the aging behavior of the TiC reinforced naterial is dependent on the

prior therzo-mechanical history of the saterial, one possible resson for this
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may involve the reaction between the matrix and the TiC. A more

comprehensive analysis of tiis phenomenon is planned using DSC.

CONCLUSIONS
To date the followlag conclusions may be drawn from this study of the
aging behavior and stahility of TiC reinforced Inconel 718.

1. The aging response {magni:ude) and the aging kinetics (rate of
reaction} of the composite material are substantially different than
those of the unreinforced materials.

2. The matrix and reinforcement react to form a mixed MC carbide
(Ti/Nb)C which alters the matrix chemistry.

3. The elevated temperature strengths of TiC reinforced Inconel 718 are

at best aquivalent to the unreinforced alloy, while the tensile

ductilities ste inferior.
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Figiie 2. Scanning Electron Micrograph of Titanium carbide powder .
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Figure 5. Biackscatter Scanning Electron Micrograph of Inconel 718
Reinforeed with 20 V/0 TaC.
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Figure 139 Fractogriph ot Elevated Temperature Tensaile Failure in 718,
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Interfacial Structure and Stability in Metal and
Intermetallic Matrix Composites (Year 2)

James M. Howe, Investigator

Research during the second year of this program concentrated
on achieving two objectives: i) complete the ressarch on
microstructural evolution and measurement of residual strains in
Al/SiCw composites that was begun in the first year, and iij begin
research on the struciure and deformation of TiAl and TizAl base
matrices, since these appear to be the most promising candidates
for future high-temperature composites. Excellent progress was
made in both aieas, as summarized below.

i) Microstructurg! Evolution ODuring Heat Treatment and
Detormaticn in AUSIC

A deotailed microstructural analysis of a 2124-Al/SiCw
composite during heat treatment and deformation was performad in
order to understand the role of the interface on the mechanical
properties. Resuits indicate that extensive precipitation of the S-
phase at the Al/SiCy interface during aging leads to cracking of SiC
whiskers duiing deformation. This, coupled with void formation at
SiC clusters, appears to be the major cause for the low ductility of
the composite. This research was presented at a symposium on
Composite Materials at the 44th Annual Mesting of the Electron
Microscopy Society of America in August, 1988 (Attachment I) and a
manuscriot was just completed for submission to Acta Metallurgica
(Attachment [i).

i) Maasurement ot Residual Stress in AVSiC Composite

It has been suggested that residual stresses near the interface
in Al/SiCw composites cause accslerated aging and significant
strengthening, although these stresses have not been measured
directly. In this study, local residual strains (stresses) around SiCy
were measured using convergent-beam electron diffraction (CBED).
Results indicate that strains on the order of 0.2%, which correspond
to the macroscopic yield stress, are present near the interface and
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diminish to zero about 1 um away. Measzurement of the strains
required considerable development of the CBED technique. The
results are summarized in Attachment (Il and a maruscript is in
preparation for submission to Acta Metallurgica.

iii) Structure and Deformation of 2/¥ Interface in_TiAl
Alloy

As an initial step toward understanding the role of interfacial
structure on deformation in TiAl alloys, a detailed microstructural
analysis of an ao/¥ alloy was performed. Results indicate that the
A2/Y interface contains a dense array of a/i6<112> partial
dislocations wh.cn accommodate misfit and enable growth of and
the «2 and ¥ phases. Deformation at high temperatures occurs by a
twinning mechanism, and twinning dislocations cut through both the
dz and ¥ phases. This research was presented at a symposium on
Titanium: Surface and Interfaces at the World Materials Congress in
September, 1988 and a manuscript was submitted to Metallurgical
Transactions A (Attachment V).

iv) Structure and Detormation of o2/8 Intertace in TizAl
Alloys

The a2/f interface appears to play a critical role in the
deformation of Ti3A! base alloys although little is known about the
structure cf the interface. In order to understand TizAl base
composites, a detailed microstructural examination of the a3z/g
interface and deformation mechanisms in each phase has been
undertaken. A Ti-7Mo-16Al (at.%) alloy is being studied because of
the variety of ordered and disordered h.c.p./b.c.c. interfaces that can
be obtained in this system. As shown in Attachment V, rod-shaped
a2 precipitates have a Burgers orientation relationship with the 8
matrix and contain <c+a> misfit dislocations spaced about 10 nm
apart. Large-grain tensile specimens are being deformed to
understand the role of this interface on deformation.

v) Additional Presentations and Publicationa

An invited paper on High-Resolution TEM of Precipitate Growth
by Diffusional and Displacive Transformation Mechanisms was




175

presented at the 44th Annual Meeting of EIM.S.A. and has been
accepted for publication in Ultramicroscopy (Attachment VI). This
woik was partially supported under the present grant.

Plans for the Third Year

QOu: experience with the A!/SIC composites has indicated that
it is difficult to understand the role of the interface on compcsite
properties because there are many factors involved in a commercial
materiai. During the third year we plan to circumvent this problem
by faoricating bi-'ayer specimens of SiC and other ceramics with
TiA! and Al-alloy matrices, and examine the strength of these
inteifaces as a function of heat treatment and interfacial reaction.
Detailed microstructural analyses of the interfaces will be
performed in order tn understand the mechanisms of strength and
degradation. When high-quality composites based on TiAl become
available, we will compare the interfaces in these materials with
those in the bi-layer specimens. We will also continue to investigate
the role of the ag/B8 interface in deformation and begin to look at bi-
layar specimens of these alloys as well. The fiow-chart below
outlines the direction of this program to date.

Interfacial Structure and Stability in Metal
and Intermetallic Matrix Composites
James M. Howe

| l

Measurement of Residual Strain Microstructural Evolution Dunng Heat
in AVSIC Composite by CBED Treatment and Deformation in ASIC
Steven J. Rozeveld Gary J. Mahon

Structure and Deformation of Structure and Deformation of
u,/ @ Interface v Ti | Al Alloys «, /¥ Interface in TiAl Alloy

Steven J. Rozeveld Gary J Mahon

Structure and Properties ot
TiAl/Ceramic Intarlaces
Gary J Manon
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MICAOSTRUCTURAL DEVELOPMEN' DUR!VG HEAT TREATMENT AND DEFORMATION
QF AN ALUNINUM-SILICON CARBICE COMPOSITF

G. J. Mahon and J. M. Howe

Department of Metalturgical Engineering and Materials Science, Carnegie Mallon
University, Pittsburgh, PA 15233 .

Alumirum-SiC  reintorced composita  gltoss are currently bewng considered for
siructural applhications n the 2arospace induitry as a resuit of their increased
,er3th ano sthiffness and reduced density when compared with thewr monolithic
counterparts.| Hcwever, the man drawbs.« cf these materiais s ther lack of
tensiie cductiity and a decrease in fracture loughmess.2 By dsforming Al-3.C
composites .nder hydiostatic pressure the tensile duclility can be increased.:' This
enatles changes in microstructurs to be ,~vestigated after a few percent strmn, thus
provi3ing informatior atout deformation mechamisms n this class of mater.als.
Conventional  TELY  techriques have been apolied 10 study mMicrostructural
gevelopmant during*both heat treatment and delormation.

The matenal studied was AA2124 with 13vol.%Si1C, commercially manufactwed by
ARCO Chemicals using a process of hot compaction and extrusion  The matena!
was solutiomzed at 504°C for 4 h, quenched and aged at 177°C for 8 h.  Tensile
bars were straned 3% parallel to the extrusion Jdirection under 100 ksi hydrostatic
pres,ure. TEM spgecimens were preoared by ion-milling n a hquid mirogen cold-
stage

Ouring quenching from the solutioniZing tempersture, dislncations sre produced in
the At as a result of the difference :n thermal expansivity between the fibers and
matiix (Fig. 1. Furthermors, the disiocauions (A) were produced from the corner of
the S:C whisker, demonrsirating 1hat s.-h asperi:ag aCt as » Stress concentrator.
Also note the helical disiocstions (B) which were formed by condensation of excess
vacancies onto screw dislocations.® These helices were also associated with
Mn;Cu, Al nitermetathic particles which are distributed thwoughout the materisi, and
often terminate at the pa-ucie/matrix nNterface.

Upon subsequent aging, S preacipitates form neterogeneous'y on the disiocations.
Since this phase occurs as laths which grow preferentially in the <100>,, direction.
one-third of the precipitates can be seen end-ocn by imaging along <100>,,. Figwe 2
shows helices decorated wilh these laths. and indicates that only one of the
precipitate variants torms on d.slocations of sny given Burgers vector. In the
reqions closest 10 the whiskers whure the disiocahon density 18 highest, ndividual
prec:pitates are not d:str.guishable. Thus, the st-ength of the matria s likely to
vary consideradly cepending on proximity to fipers, since this wiil affect the
daisiocat.on angd S precipitate densities. Coarse precipitation has  also been
observed .  whiskei.mati:x interfaces, intermetatiic/matrix interfaces, and gran
boundares.

After geformeat,on. several new features appear n the microstructure. The most
obv:ous 15 cracking of the 3:C whiskurs 1n a direclion perpendicutar to thewr long
ans g 3l  Some cracked intermetallics are 2iso found. one Of which s aiso
shown 1n Fig. 3. There 1s nOo matrix failure associated with these crached particles.
Evidence has also been found for decohesion of mat.ix.SiC interfaces, even when
the nterface lies a!most paraliel to the tensile direction. Final'y, fuceted voids are
formed 1n consiraned matnix beiween two or more whiskers (Fig. 4) ang aiso at the
ends of apparently 130iated l'»bcrs.° further work 13 being performed to estadlish
which of inese features develog first, and which ace critical n determining the
fracture characty:isuics of these mutenals.’

724
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ATTACHMENT 11

Microstructural Develcpment and thae Effect of Interfacial
Precipitaticn on Deformation Under Hydrostatic Pressure

In an Aluminum/Silicon-Carbida Composite

G. J. MAHON, J. M. HOWE and A. K. VASUDEVAN'

Uepartment of Metallurgical
Enginesring and Materials Sclence
Camegie Melion University
Pittsburgh PA 15213

‘Offica ot Naval Research
AppYed Research and Technology Directorate
300 N. Quincy St., Code 1218
) Arfington VA 22217-50C0

ABSTRACT

A 2124 AUSIC whisker composite was heet-treated to tho same matrix hardness

in an underaged and overaged ~ondition, and tenslie tests were performed at room pressure

) and under hydrostatic pressure. The overaged composite had a lower ultimete tenslle strength
and ductiity, which vas attributed to S-phase precipitation at the AVSIC,, interface. This

interfacial precipiiation leads to increased load transfer to the whiskers, resuling In early failure

3 during testing. Hydrostatic pressure does not Increase the tensile ductility, indicating that failure
occurs by strain localization. Microstructural examination suggests that such localzation is

probably dua to crmcking of SIC whiskers and void nucieation in constrained regions batween

adjacent SIC whiskers.




1. INTRODUCTION

Aluminunvsiilcon-carbide cornposites are attracting much attention for potential
aerospace applicalions as a resuit of increased strangth and decreased density when compared
with convantonal Ai alloys {1,2]. Howe 'er, the use of these materials Is limited by the!r low
fracture toughness and ductiity. There has bean much work done on this class of materals,
including examination ot {i) i@ microstructura of the afloys and the effect of adcing SIiC on tho
matrix [3,4], (ii) dislocatian genaraticn in the mairik due to tha difference in coefficient of thermal
expansivity between the two chases [5-7], {iil) precipitation in the matrix [8-14) and at interfaces
[15-18), (Iv) micromechanisms of failure [16-23], and (v) strengthening mechanisms in the
composites [24-20]. However, fow it any of these studies have fuliowed microstructural
evolution throughout the processing and deformation stages in order to understand the
mechanical properties. As such, It is difficult to generalize abowut mechanisms of deformation

and fracture In these materials and to cetermine If many reported observations are system

specific.

While R Is commonly accepted that interfaces play an important role in the
mechanical properties of composite materials, there have been few investigations which have
been able to Isolate the efects of interfacial strength on the resuling properties. This is
primarily due to the complex interaction between the SIC reinforcement and the age-hardening
matrices, since the aging behavior can change the matrix strength, ductility, and deformation
mechanism, as well as the interfacial bonding, which in turn affect the overall composite
properties. In order to try and isolate the effect of interfacial bonding on the properties of an
AVSIC,, composite, the followirg study was undertaken. The matrix ot a 2124/SIC,, composite
[31,32) was heat-treated 10 nominally the same hardness in an underaged and overaged
condition based on published microhardness curves [10]. Unreinforced material was also heat-
treated to the same nominal matrix hardness, again in an underaged and overaged condition, in
order 10 verify that there was no change in the tensile behavior of the matrix In these two




condiions. TEM was also used to veiiy tha! the reinforcement only acts to accelerate aging
and does not affect the rosultant phissas or deformation mechanism. By having the same matrix
properties, any differences in defurmation behavier of the reinforced materials in the underaged

and nveraged conditions should b3 a recuit of tha change In interfacial strength.

In addition, de’orme.lon studius at room pressure and under hydrostatic pressure
were Terformed on this maiedal in order to understand the lack of ductiity. Deformation under
hydrostatic pressure has been showrn td Incroase tensile ductility in many alloy systems by
supressing vold growth and coalescenca, but without affecting the vold nucleation stage [33,34).
Thus, by applying a hydrostulic press:ire during deformation, there exists the potential for
extending ductility in these materials in order to examine deformation at larger strains than could
normally be achieved. This would lead to a detalled knowledge of void nucleation in these
discorinuosly reinforcad composites.

The results presented here will include a detailed study of microstructural
development in this alloy In order to isolate the effects caused solely by the deforrnation, and
hence give a complete picture of microstructural evolution during heat treatmemt and
deformation. Suggestions are made for improvements of the mechanical propeities of this class
of materials.

2. EXPERIMENTAL

2.1. Matertal

The material for this investigation was manufactured by ARCO Chemical
Compeny using a method of hot compaction and extrusion. Unreinforced and reinforced
materials were produced using !dentical methods, as described elsewhere [10) The matrix
alloy was AA2124 (nominally 4 ot % Cu, 2 at.% Mg, 0.5 a2.% Mn) reinforced with 13.5 vol.% S'C

whishers.




2.2. Heat Treahnent

The as-received materials were solutionized at 504°C for 4 hcurs and quenched
into ice water. Subsequent aging was camed out 15 177°C. The reinforced material was aged
for 2 hours (underaged) and 8 hours (cveraged); the unveinforced matenal for 4 hours
(underaged) and 14 nours (overaged), all of which produced a matrix hardness of about 94

Vickers DPH.

2.3. Deformation

Tensile specimens were produced with the tenslle axis paraliel to the extrusion
directionn. Specimens were tested to falkire, and a set from the reinforced materals were
stopped at 3% true strain. The unreinforced alloy was also sectioned at 3% true stroin by
preparirg a specimen from the necked region of the fractured material with the corresponding
reduced area. Hydrostutic pressures of 0.1 MPa (room pressure) and 689 MFa (100 ksi) were
applled during the tests.

2.4. Specimen Preparation

Specimen preparation was dcsigned to ensure that dislocetions were not
produced by deformation and that there was no excessive specimen teating. This was
achieved by cutting 250um siices using a diamond biade and thinning to 125um on 6CJ grit SIC
paper. The reinforcedu material was then further thinned on a Gatan dmpier %o 30um foilowed
by lon-miling at 5keV, 0.2mA per gun and 12° Incident angle on a Getan dual-beam lon-milt
with a iquid-nitrogen cold stage. The undeformed material was taken from the onds of the
tensile specimens to ensure the same heat treatments had been applied in both cases. The
final stage of preparation for the unveinforced material was elect opolishing in a Fischione twin-
jet polisher using a 1/3 nitric-2/3 methanol schution at 15 ¥/ and -30°C.
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2.5. Microstructural Examinaion

Speciinens wera axamined in a Philips EM420 equipped with ¢ STEM unit and a
PGT Energy Dispersive X-ray (EDX) analysis system. The microanalysls system was used to
provide qualitative chemical information from the AVSIC,, Intetface and for precipitate analysis.
Bright-fleld and weak-Deam dark-fleki TEM Images were obtalned at 120 keV using

conventional proceedures [35].

3. RESULTS

3.1. Microstructural Development During Hsat Trsatment
3.1.1. Aluminumy/Siicon-Carbide Composite
{) As Quenched

Quenching of the composite from the sohtionizing temperature produced the
type of dislocation distribuion shown in Fig. 1. This weak-beam dark-fleld TEM image shows
two types of dislocations. One Is helices formed In the matrix sighty away from and
occasionally in contact with the SIC whiskers. These are formed as a ~esult uf condensation of
axcess vacancies onto pre-existing screw dislocations [36,37) and thus, must be formed duiing
the early stages of the quench, when the vacancies are siit moblle. The second type of
dislocations are those seen at the ends of SIC whiskers and which often appear to lerminrate in
the AVSIC,, interface at a comer (arrows in Fig. 1). These disiocations are procuced as a resuk
of tho difference in ccefficient of thermal expansivity between the Al matrix and SIC whiskers
[5.6] and are presumably formed at a temperature where the vacancies are essentally
immoblie. The micrograph in Fig. 1 shows that the comers of the SIC whiskers act as stress

concentrators and assist in (islocation generation. There Is no evidence of discrete dislocation
loops in the microstructure.
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(1) Underaged

After aging for 2 hours at 177°C there is evidence of small precipitates on the
pre-existing disiccations, as shown in Fig. 2. MHowever, it Is very difficuit to datect extra
ciffracticn spets In the slectron diffraction pattern, prsventing compiete identification of the
phase at this stage. When compared ‘vith the overaged microstructurs, it Is most probably the
§' phasa (Al,CuMg).

(i) Overagad

After 8 hours at 177°C, precipitation at dislocations Is well advanced. This is
shcwn In Fig. 3, where bright-field and centered dark-fleld TEM images demonstrate that
precipitates compietely decorate the prior dislocations. The diffraction pattsm is consistent with
the S’ phase [38] and this is presumably the same phase which was present in the underaged
condition. Since the S' phase occurss as laths which grow preferentiafly in the <100>,, direction
(39,40}, one-third of the precipitates can be sean end-on by imaging along <100> ;. From Fig. 3
it is apparent that only one set of variants of S’ is nuciaated on any particular dislocation,
indicating that the heterogeneous nucleation of this phase occurs &s a resul of misfit
accommodation by the Burgers vector of the disiocation [40). Since the dislocations are
heterogeneously aistributed in the matrix as shown in Fig. 1, s0 are the age-hardening
precipitates.

The general microstrusture produced after aging for 8 hours is lilustrated in Fig.
4. This many-beam bright-fleld TEM image shows the extent of precipitation in the matrix and,
more significantly, the extensive precipitation decorating aimost the entire AVSIC,, interface.

(v) Microanalysis of Interfaces

The interface chemisty in the as-quenched material has been compared with
that In the overaged condition using STEM and EDX microanalysis. A typical spectra from the
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as-quanchad conditicn Is shown in Fig. 5(a). The majer peaks present are Si and Al associaied
with the SIC,, and matnx, respectively. The smaller peaks ere from Cu and Mg in solution.
There are no othar large peaks, indicating the absence of any gross precipitation at the
intarface. This Is supported by tha micrograph in Fig. 1, where thare Is some evidence of smail
Cu and Mg-rich precipitates, but these are fally scarse. This may be compared with the
microstructure in Fig. 4, where considerable in.2rface precipitetion has cccurred during aging,
lgading ‘o the typical EDX spectra shown in Fig. 5(b). Ths ertra peaks are Cu and Mg, which
from their concentration ratio are consistent with the S-phase, i.e., the Cu:Mg ratic is close to
1:1. These observations are similar to previous results in the Kterature [17,18]. As will be seen
«ater, this interface precipitation appears to be responsible for a change In the tansile properties
batween the underaged and overaged materials.

3.1.2. Aging Behavior of Unreinforced Alloy

Many of the features discussed above for tha AVSIC,, composite appear to occur
in the unreinforced alloy. Figure 6 Is a bright-fiekd TEM image taken after quenching and aging
for 14 hours that shows a large Al,,Cu,Mn, Intermetalic particle (seen frequently in both
matsrials) from which helical dislocations have formed. In addition, there are discrete
disiocation loops in the matrix, some of which may have formed by the continued condensation
of vacancies onto screw disiocations. However, other loops are much larger than would be
expected from this mechanism, and were probably formed by condensaicn of vacancies

directly into loops in the matrix [37}. The dislocation densitly of the unreinforced material was

much lower than that of the composite material, akhough no quantificaion has been attempted
due to the heterogenecus disiocation distributions in both cases. During subsequent aging
there was once again heterogeneous precipitation of S'-phase at the disiocations, as was seen
for the composite. There was also pracipitation of presumably S phase at the
"ermetaitic/matrix interfaces.




185

3.2 Tensile Tests

The tunsile rasults for all the materials are ploted In Fig. 7, which shows true
stross versus true plastic straln. The plastic portion of the strain was determined by subtracting
the eiastic compenent, which was ootained by fitting a straight ine to the linear poion of tho
original stress/sirain curves. The plastic ductilily was obtained by measuring ihe plastic
axtens:on at maximum load (plastic instability). Analysis of the tensile data ara not compiste,

but the folkwirg preliminary conclusions can ba drawn.

For the unnainforced 2124 testec at 0.1MPa, the U.T.S. and pilastic ductility of tre
underagea and overaged material appear to te nearly identical; the overaged materal wurk
harder: a litle more, and has about 2% less plastic strain at instabifity. This is consistent with
previous results [10] and supports the rational used in designing the expariments perfermad In
this study, wiere 4 and 14 hour heat treetments (or 2 and 8 hour in the reinforced material)

were used to give !dentical matrix properties.

The adcition of SIC whiskers to the material produced a dramatic increase in
U.T.S. and work hardening rate, but, as exgacted a significant decreese In the ductiity. For the
composite materials, the most important feature to note is that the underaged material exhibits
both a graater U.T.S. and cuctilty than the overaged composite when testcd at 0.1MPa
(approximately 680 MPa and 5% plastic strain vs. 840MPa and 3% plestic strain). Furthermore,

tasting under 689MPa hydrostatic pressure did not significantly affect the tenslie behavior o
either the underaged or averaged composite metertals, with only about an increase of 1% in the
plastic strain. In the discussicn which follows, these resuls will be compared with the
microstructural information to provide an overalt picture of deformation in the AUSIC,, composits.
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3.3. Deformaticn-inducad Microstructures

After 3% cefcrmation both the underaged and overaged reinforced and
un'reiniorced materials nave considerable dislocaon tangles in the matrix. These can be
distinguished from the disiocations present prior to deformation sincs all the dislocations present
prior to agirg are decoraied with precipitates. A detalled analysis of these disiocations has not
been atternpted due to tha excessive strain contrast as;ociated with the densa S’ precipitates,

however, thera was no evidsnce of planar siip in any of the microstructures.

Several other features were Introduced Into the over: ged composite during
deformation. None of these were present in the undeformed material. The most common form
of damage was cracking of SIC whiskers in a direction perpendicular to their long axs, l.e.,
along a (111}535 plane. Figure 8 shaws one of these cracked whiskers together with an
adjacens intermetaiiic Al,,Cu,Mg, particle which has also cracked. Noto that thers is no matrix
failure assoclated with the crecked pearticles. Furthermore, the separation at the SIC wiisker is
greater than that at the intermetaiic, incicating that i fractured first.

Othar teetures are also introduced during deformation, but they are much less
common. Figure 9 shows decohesion at the AVSIC,, interface. This may have occured as &
result of the sight misalignment of the whisker with respect to the tenslie axis. The SIC skie of
the opening appears relatively clean; what evidence there is of precipitation (asmows) occurs on
the aluminum side, indicating that decohesion has occured between the SIC and S phase rether
than between the Al and the S precipitates.

Other foatures that were apparent after deformation were voids associsted with
tha ends of SIC whiskers, as reportea previously [17,18,22,23]. An important feature was that
many of thess voids wer» formed in the constrained regions between adjacent whiskers, as

shown in Fig. 10. Other voids were associatod with apparently isolated whiskers, as seen in
Fig. 11, but this might be a resuR of sectioning during thin-fc!l preparaion where an adjacent
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whiskor either above or below has tean removed. Note the highly faceted nature of the voids in

both Figs. 10 and 11; the reason for this is not known.

Microstructural analysis of the underaged composite revealed mucii less damage
when compared with the overaged composite. There were far fewer cracked SIC particles, anc
no avidence was found for the formation ot voids or of interface decohesion after 3% strain. As
will be discussed below, this eprears to be due to a changa In the inturfacial characteristics

batween the underaged and overaged composite.

4. DISCUSSION

4.1. Tensile Data

As pointed out in the results section, analysis of the tensile data Is not yet
completa. However, by compering these results with the microstructural observations made
using TEM, some Interesting sonclusions can be reached regarding the role of the interface on

the composite properties.

The reason for the various heat treatments used In this study was to produce
matrices with the same hardness deepite having different microstructures. As seen from the
tensile data for the unreinfciced 2124 alioy, very similar yleld strengths and ductiities occur for
the two aging times used. Based on the avallable studies in the Rerature [8-14], t seems
resonable to conciude that the major eflect of the reinforcement on the 2ge-hardening response
of the matrix is 1o alter the precipitation kinetics of the age-hardening phase.

As shown earller in Fig. 7, the tensile curves for the reinforced material after
aging for 2 and 8 hours exhibit differert characteristics; the overaged composite having a lower
U.T.S. and ductiity than the underaged composite. This behavior can be explained by relating i
1o the microstructural cbservationa. Firstly, during aging of the composie thers is coplous S-
phase preciphation at the AVSIC imerface. Secondly, the microstructure of the overaged
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compusita after 3% strain shows sigrificantly more ctacking of the SIC vrhiskers ccpared witih
the underaged compesite. Assuming that the matrices do indeed have the same tensile
characisristics, the cifisrences In tenslle sehavior can therefore be attributed to the S-phase

precipitation.

There are two possible explanations for how the S phase caused eerller fractuie
of SIC,, in the overaged composite. The most likely Is that S-phase precipitation at the interface
caus9s increased load transfer to the SIC whiskers, causing them to fracture at lower strains.
This idea that precipitaiion can alter load transfer to the minforcament particles has been
previously suggested in cumposites reinforced with different particles [41]. If this is the case,
the elastic modulus of the overaged composite should be greater than that for the underaged
material. The magnitude of this elastic modulus has been estimated from the irue-stressitrue-
strain data. Aithough fitting a straight !ine to the elastic par: of the stress/stvain curve Is not an
accurate way of determining the elastic modulus, there does appear to be about a 5% inciease
in modulus of the overaged composite compared with the underaged matertal. This would seem
to support the idea of Increased load transfer due to S-phase precipitation, athough an accurate

measurement of elastic modulus in the two materials is necessary to confirm this.

The altemative explanation for earfier cracking of SIC, in the overaged
composite is that precipitation at the interface causes an extra tensile strain 0 be introduced
into the SIC,, and that this “residual” strain causes the SIC to crack at a lower apgled tensile

stress. The exact nature of the stress which might be introduced by this precipitation has not
been detormined, being dependent on: the orlentation relationship between the SIC and the
orthorhombic S phase and the volume expansion associeted with the precipitates. No
experimental evidence has yet been found 1o support this arguement. in either case, the
precipitation produces a lower ductiity and uRimete tensiie siress since the composite with the
cracked fibers is unable to successhully canty the appiled loads, 'sading 10 premature fallure of
the tensile specimens.




190

4.2. Hydrostatic Pressure

Ancther azpect of ihis investigation was the pplication oif hycrostatic pressure
during tensile testing in an attempt to increase the plastic ductility in the composites by
suppressing void growth and coalescence. The tansile results clearly show that in this paiticular
comgposite it I3 not possibie to sugpress void nucleaton and grewth, and that faliure occurs at
almost the same strain at 68SMPa as at room pressure. This incicates that fa:lure occurs in a
highly localized manner such that very littie void growth and coalecence a.a requlied and that
the goveming factor in failure is the void nucleatiocn stage. As mentioned above, whisker
cracking Is the most common feature introduced at 3% straln, and it is lkely that this isads to
earty failure In the overaged composite. Such cracking could be avoided by using a fiber which
can accommodate some defcrmation along its axis and/or by waakening the interfacial bond. In
addition, volds are also generated in the constrained reg'ons betwsen adjacsnt whiskurs at
whisker ends, producing essentially the same %ype of defect in the matrix es that produced by
cracking of the whiskers. This could also be rosponsible for the lack of an increase in ductility

as a resutt of testing under hydrostatic pressure.

Therefore, the resuits from this investigation point to whisker cracking and vold
nucleation in the constrained regions between adjacent whiskers as major factors influencing
the lack of tensile ductliity in this particular composite. Reduced precipitation at the AVSIC,,
interface (i.e., a weaker interface) Inceases both the U.T.S. and ductiity, and elimination of
clustering of the reinforcement wouid help to prevent void formation, and may also improve the
tensile propertics.

5. CONCLUSIONS

Ouring aging of a 2124/SIC, composite extensive S-phase precipitation occurs at
the matrix/reinforcoment interface. This precipitation is responsibie for producing significantly
different mechanical properties during tenslle testing of underaged and overaged composites




191

v:th the same matrix properties by Increasing load transfer to the SIC,,..

Tenslle testing under hydrostatic pressure does not dramatically alter the plastic
ductility ot thhw» composite, indicating that tallure Is very localized.

Suppression of voids In the microstructure, and hence increasad plastic ductility
of the composite could be produced by the foliowing methods; (I) altering the processing
conditions to reduce whisker clustering and hence eiiminate void formation !n the constrained
regions between adjacent SIC whiskers, (il) adjusting the heat treatment to give less S-phase
precipitation and thus a weaker interfacial bond and lass SiC whisker cracking, and (i) using a
reinforcoment capable of withstanding greater loads along Rts tenslle axis.
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FIGURE CAPTIONS

Figure 1. Waak-beam dark-fleld TEM image of 2124/SIC,, after quenching frcm the soiutionizing
temparature. The helical dislocations (H) and dislocations gensratod from the whisker ends are
ammowed; g/3g = [111).

Figure 2. Bright-feild TEM image of 2124/SIC,, quenched and aged for 2 hours showing

dislocations dacorated with smail precipitates {arrowed).

Figure 3. (a) Bright-fleld TEM image of 2124/SiC,, afer aging for 8 hours, and (b) centered
dark-fleid TEM image taken using a precipitate refiecion (arrow) showing S’ precipitaton
completely decorating the prior dislocations. The diffraction patiemn corresponds to [100] ;.

Figure 4. Bright-fleid TEM image of 2124/SIC,, aged for 8 hours showing extensive, coarse
precipitation (arrowed) at the AVSIC interface.

Figure 5. Typical EDX spectra collected from the AVSIC,, interface. (a) As quenched. (b) Aged
for 8 hours.

Figure 6. Bright-fleld TEM Image of 2124 quenched and aged for 8 hours at 177°C showing
dislocation loop (L) formation in the matrix and helix formation (H) at & coarse Intermetalic

particle (1).

Figure 7. Tensile data for the (a) underaged, and () overaged reinforced and unreinforced
materials tosted at room pressure and at 639MPa hydrostatic pressure.

Figure 8. Brght-leld TEM image of 2124/SIC,, aged for 8 hours and deformed 3% under
689MPa hydrostatic pressure showing cracked SIC whisker and cracked intermetalic. The
tensile axis is indicated (T).
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Figure 9. Bright-heid TEM Image of 2124/3IC,, aged for 8 hours and deformed 3% under
689MPa hydrostatic pressure showing decohesion at the AL'SIC,, interface. The tensile axis is
Indicated (T) and S precipitates at the interface are distinguished by amows.

Figure 10. Bright-fieid TEM image of 2124/SIC,, aged for 8 hours and deformed 3% under
68UMPa hydrostclic pressure showing void formation in the constrained region betwean
acjacent SiC whiskers. The tensile axis is indicated (T).

Figure 11. Bright-flaid TEM image of 2124/SIC,, aged for 8 hours and deformed 3% under
689MPa hydrostatic pressure showing void formation at apparently isolated SIC whiskers. The
tensile axis Is marked (T).
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Figure 4
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Figure 6
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Figure 9
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